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EDITORIAL 


Hawai'i, from ashes to sustainability 


riven by fierce winds and dry, hot conditions, the 
fire that consumed Maui’s Lahaina—the deadli- 
est US fire in more than a century—is a sad, stark 
reminder of the environmental pressures on the 
Hawaiian islands caused by overdevelopment and 
industrial tourism. As Maui emerges from the 
ashes, there is an opportunity to reimagine the 
governance of habitats through sustainable and equitable 
processes that preserve Hawai‘i’s natural beauty, with a 
less destructive, green economy that centers on ecotour- 
ism and Indigenous environmental management. 

As a Native Hawaiian, I have seen the state experience 
several catastrophes only to have residents wonder if the 
next crisis will be worse. For decades, Hawaiians have 
warned of the islands’ vulnerability to 
natural disasters and human-induced 
stresses—from volcanic eruptions and 
hurricanes to a resource-consuming 
tourist industry that drains water ta- 
bles. Yet, recovery efforts have given 
priority to the status quo. The devasta- 
tion in Maui warrants serious changes 
in economic activities and infrastruc- 
tures across Hawai‘i to prevent such a 
tragedy from happening again. 

About 70% of Hawai‘i’s economy has 
come to rely on mass tourism. Restruc- 
turing this industry alone will require 
a strong vision. Visiting Hawai'i should 
be an experience that deepens one’s un- 
derstanding of the delicate balance of 
island ecosystems and the role people play in safeguard- 
ing them. An ecotourism approach directed at educating 
visitors about conservation and the natural environment 
of the islands would help build respect for nature and its 
vulnerabilities. This kind of tourism can be seen in highly 
threatened locales, including Bhutan and the Galapagos. 
Other progressive actions include levying higher taxes on 
flights and cruises to curtail the overwhelming number 
of visitors. Ultimately, the goal should be a gradual move 
toward economic models of tourism that allow more 
revenue to stay in the state, benefiting local initiatives, 
community-based tourism, and conservation. 

Hawai'i must also shift to a green economy that reduces 
greenhouse gas emissions and pollution. This might help 
mitigate some of the effects of a warming climate across 
the islands. This change should aim to sustainably sup- 
port important businesses, including tourism, while pro- 
viding new job opportunities and protecting habitats. The 
encouraging news is that before the Maui fire, Hawaii 
had already embarked on a transition toward renewable 


“The knowledge 
of how to 
recover from 


disasters 
already lives in 
Hawai'i...” 


energy. For example, the Hawai'i Clean Energy Initiative 
aims for 100% clean energy by 2045. This includes solar, 
wind, geothermal, and hydroelectric power and emerging 
technologies such as blue energy. 

The knowledge of how to recover from disasters al- 
ready lives in Hawai'i, but Indigenous community voices 
often get lost. To understand the dire consequences of re- 
covery without community involvement, one need only 
look at the aftermath of Hurricane Katrina in New Or- 
leans. There, communities, especially those of color, were 
disenfranchised by practices that favored speculators. 
Inclusion of Indigenous expertise in environmental gov- 
ernance can be seen in New Zealand, Canada, and even in 
Hawai'i’s recent past. In 2019, following severe flood dam- 
age, Hawai'i capped daily visitors to 
Ha‘ena State Park at 900, a reduction 
from the previous 3000, while pro- 
moting cultural and environmental 
stewardship in both the park and the 
adjacent Napali Coast State Wilder- 
ness Park. This protected cultural sites 
and balanced local residents’ access 
with tourism demands. What about 
integrating the 2000 acres of charred 
remnants in Lahaina into an existing 
Ahupua’a, a traditional Native Hawai- 
ian land management system? This 
could promote collaboration among 
diverse businesses, an eco-innovative 
mindset, and a circular economy that 
reduces natural resource consumption. 

In addition to putting more Indigenous people in de- 
cision-making roles in government organizations like the 
Department of the Interior and Hawai‘i’s Department of 
Land and Natural Resources, Hawai‘i should work toward 
replacing traditional agencies such as the Hawai'i Tour- 
ism Authority with Indigenous-run organizations like the 
Council for Native Hawaiian Advancement, ‘Aina Aloha 
Economic Futures, and ‘Aina Momona, which focus on 
blending past wisdom with forward-looking innovation. 

Living in harmony with the land and sea is deeply 
embedded in Hawaiian traditions and practices. The 
future of Maui and all of Hawai‘i should be shaped by 
community consensus, Indigenous leadership, and end- 
ing the rampant urbanization, relentless tourism, and 
widespread pollution associated with environmental mis- 
management. Hawai'i can successfully recover if a new 
environmental governance emerges that intertwines sus- 
tainable ecosystem resilience with the profound cultural 
knowledge of its Indigenous communities. 

—Keolu Fox 
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464 \t was abhorrent and dehumanizing work, and it was 


carried out under the Smithsonian's name. 99 


Smithsonian Institution Secretary Lonnie Bunch, in The Washington Post, about the 
newspaper's reports on collections of minority group members’ remains taken without consent. 


Y chromosome completely deciphered 


esearchers have accomplished what was once considered an 
impossible task: fully sequencing not just one Y chromosome, 
but dozens of them from men from around the world. When a 
first draft of the human genome was unveiled 20 years ago, this 
stubby piece of DNA that makes males male proved much harder 
than the rest to sequence because it had so many repetitive and 
inverted regions. This week in Nature, researchers report cracking the 
code using newer technologies. Separately in Nature, a second team 
reports sequencing 43 more Y chromosomes collected from 21 popula- 
tions. The team describes high variation in some features, such as the 
size of the repetitive regions. Whether this affects men in any way has 
yet to be determined, but one thing is clear: “The Y really is as weird, 
and as interesting, as we thought,” says Jenny Graves, an evolutionary 
geneticist at La Trobe University who was not involved in the studies. 


Do advisory panels get the best? 


POLicy | Research excellence is often con- 
sidered a key qualification for membership 
on government advisory boards that help 
agencies evaluate scientific findings relevant 
to setting policy. But a study has found 

the probability of an individual serving on 
some of these panels does not correlate with 
measures of their scientific prowess. In fact, 
less-than-stellar credentials can actually 
improve a person’s odds of being appointed. 
The analysis, published this month in 
Science and Public Policy, compared the 
professional traits of 900 scientists at U.S. 
and German institutions with the likelihood 
of their serving on advisory panels at the 
US. Environmental Protection Agency and 
the German Federal Ministry of Food and 
Agriculture. They considered, for example, a 
scientist’s h-index score, a controversial met- 
ric reflecting how many papers a researcher 
has published and how many times these 
have been cited. The authors suggest the 
highest achieving scientists may not be moti- 
vated to serve on advisory panels because 


816 25 AUGUST 2023 * VOL 381 ISSUE 6660 


professional evaluations tend to reward 
scholarly papers more than this work. 


RSV shot during pregnancy OK’d 


PUBLIC HEALTH | The U.S. Food and Drug 
Administration (FDA) this week approved 

a vaccine given to pregnant people to 
protect babies from respiratory syncytial 
virus (RSV). The virus causes severe lung 
infections that are the leading cause of U.S. 
infant hospitalizations. Pregnant people who 
receive the vaccine, called Abrysvo and made 
by Pfizer, can pass protective antibodies 

to their fetuses before birth. In July, 

FDA approved another tool against RSV, 

the monoclonal antibody nirsevimab 
(Beyfortus), made by AstraZeneca, which is 
given during the first year of life. 


Colombia research bills blasted 


ANIMAL RESEARCH | Scientists in Colombia 
last week persuaded lawmakers to shelve 

a proposal they say would have severely 
limited the use of animals in laboratory and 


field research. And they are pressing law- 
makers to retract a second, similar proposal. 
Hundreds of scientists voiced opposition to 
the withdrawn bill, introduced by a member 
of Colombia’s ruling legislative party and 
backed by animal rights groups, which 
argued the nation needs stronger animal 
welfare rules. As evidence, they pointed to 
the recent shutdown of a primate research 
center in Colombia, funded by the U.S. 
National Institutes of Health, that allegedly 
mistreated monkeys. The bill’s critics said it 
was so broadly written it could shut down 
vast swaths of research, including monitor- 
ing endangered species or disease outbreaks. 


Pompeii yields clues on deaths 


ARCHAEOLOGY | A new examination of the 
famous plaster casts that record remains of 
people who died during the 79 C.E. eruption 
of Mount Vesuvius may help settle a debate 
about how they died and how quickly. Some 
experts think many residents of Pompeii, 
Italy, perished instantly, when very hot ash 
and gas evaporated their bodily fluids. Other 
researchers have argued that victims asphyx- 
iated less quickly in somewhat cooler clouds 
of ash and gas. This week in PLOS ONE, 
archaeologists report using nondestructive 
x-ray fluorescence to study the chemistry 

of casts and bones of seven individuals 
found in several locations in Pompeii. That 
evidence, combined with other geological 
and anthropological clues, such as the posi- 
tions of the bodies on the ground, suggest 


Researchers Gianni Gallello (front) and Lloreng Alapont 
analyze the cast of an individual who died in Pompeii. 
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IN FOCUS The nervous system of a juvenile bat star (Patiria miniata) is highlighted 
in the first place image in Olympus’s annual competition in life science light 
microscopy. Laurent Formery of the University of California, Berkeley, recorded the 
image after staining the animal, about 1 centimeter wide, using an antibody that 
binds to acetylated microtubules, structures that govern the growth of neurons. 
Images of echinoderms and other marine invertebrates “help communicate how 
much beauty we have in our oceans,” Formery says, “and why it is important to know 


more about them and protect them.” 


these victims suffocated as they tried to flee 


the eruption and that very hot ash entombed 


their bodies after they died. The authors say 
the results indicate that people near future 
erupting volcanoes may have a window of 


time to escape, if they can protect themselves 


from suffocating ash clouds. 


Physicist faces new scrutiny 


Dias and colleagues that claimed evidence 
for superconductivity at near-room tem- 
perature in a mixture of carbon, sulfur, and 
hydrogen. And this year, evidence surfaced 
that Dias plagiarized much of his 2013 Ph.D. 
thesis. 


Heat could halt photosynthesis 


CLIMATE SCIENCE In a worst-case sce- 


Ascientist bids farewell to a 
troubled biodiversity spot 


Cuatro Ciénegas, a basin in the Mexican 
state of Coahuila, is one of the most 
biologically diverse places on the planet. 
Its 300 natural pools, scattered across 
800 square kilometers, host unusual 
microbes that Valeria Souza Saldivar, 

a microbial ecologist at the National 
Autonomous University of Mexico, has 
studied for almost 25 years. They include 
elusive Asgard archaea, organisms 
thought to hold clues to the evolution of 
more complex cells, which could inform 
understanding of early life on Earth and, 
perhaps, Mars. But farmers and others 
have slowly drained the pools’ precious 
water despite pleas from researchers to 
stop. Souza Saldfvar spoke with Science 
about her decision in June to halt her 
research in Cuatro Ciénegas. 


Q: Why stop your work? 

A: The valley is getting drier and drier. In c 
March, we lost the Archaean Domes, 

[a work site] which we had been studying 
since 2016. The water level decreased 

by 25 centimeters, and all the biological ‘ 
richness on the surface was lost. Locals 

are still extracting water. There’s this con- 
stant decay, and nobody does anything. 
Cuatro Ciénegas is dying. 


Q: How does it feel to leave a site you 

long fought for? 

A: | was very happy that | made all the 
waves, but leaving is a relief because 

it was a very heavy stone on my : 
shoulders. Now, it’s the turn of local c 
students, nongovernmental organiza- 
tions, and hotel owners [who benefit 

from tourists continuing to visit the 

pools] to make waves. 


Q: What’s next? 

A: My Cuatro Ciénegas bacteria strains 
are going to Héctor Arocha Garza, direc- 
tor of the new science museum there, 


called Génesis AC. I've started to work on 
the ocean. |'ll start a bioremediation proj- 
ect, in Ohuira Bay in Sinaloa state, with a 


RESEARCH INTEGRITY | Accusations of mis- 
conduct are piling up against Ranga Dias, 
the University of Rochester (U of R) physicist 


nario of climate change, rising heat might 
shut down photosynthesis in tropical forests, 
an analysis has found. Researchers used 
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at the center of recent claims of the discovery 


of room temperature superconductivity. On 
15 August, Physical Review Letters retracted 
a 2021 paper by Dias and nine other authors 
after investigations at the journal raised 
“serious doubts” about the authenticity of 
low-temperature electrical measurements 
reported in the paper. U of R has since said 
it commissioned an outside investigation. 
Last year, Nature retracted a 2020 paper by 
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an instrument on the International Space 
Station to estimate peak canopy tempera- 
tures between 2018 and 2020. The team also 
gathered data using ground-level sensors 
attached to individual leaves. Already, 0.01% 
of tree leaves surpass a critical temperature 
at which photosynthesis begins to fail, about 
46.7°C. Large-scale leaf death may start to 
occur if warming exceeds 3.9°C, according 
to the study in this week’s issue of Nature. 


microbial consortium of seven bacteria— 
four of them were isolated from Cuatro 
Ciénegas. These bacteria work together 
to degrade [dissolved] nitrogen from 
agricultural runoff and produce nitrogen 
gas, instead of nitrogen oxide, which 

is a greenhouse gas. | believe that the 
lessons from the ancient sea of Cuatro 
Ciénegas's past must be translated into 
saving the sea of the future. 
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The world’s oceans have 
been hit by unprecedented 
heat waves this year. 


As oceans warm, scientists forecast heat waves. 


Sea temperature predictions could inform fisheries management and conservation 


By Warren Cornwall 


hen heat waves began to sweep 
the world’s oceans in June, Alistair 
Hobday was not surprised. The 
biological oceanographer had 
foreseen the coming temperature 
spikes in forecasting models he’d 
helped develop. The massive pool of hot wa- 
ter in the northeastern Atlantic Ocean, the 
coral-killing warmth in the Caribbean Sea, 
and the sweltering sea in the north Pa- 
cific Ocean had all appeared months 
earlier as orange and red patches on 
his computer screen at Australia’s 
Commonwealth Scientific and Indus- 
trial Research Organisation (CSIRO). 
The forecasts, which weren’t widely 
disseminated beyond fisheries manag- 
ers and those in the fishing and aqua- 
culture industry, proved to be a pre- 
scient warning of what was to come. 
As the global climate continues to 
warm, scientists around the world 
have been working to develop models 
that predict when and where marine 
heat waves are likely to hit. CSIRO, 
an early leader, began to produce “ex- 
perimental” forecasts for Australian 
waters in 2020. A separate forecast 
for all of the world’s oceans by CSIRO 
and Australia’s Bureau of Meteorology 
arrived last year. The U.S. National 
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MHW forecasted, 
MHW occurred 


Oceanic and Atmospheric Administration 
(NOAA) unveiled its first global marine heat 
wave forecast in June. And Chinese scien- 
tists are working to develop predictions 
for their coastal waters. “I think it won’t be 
more than a year before we’ve got five or six 
groups forecasting heat waves. This is mov- 
ing really fast,’ Hobday says. 

Scientists hope that as the models are 
fine-tuned, their predictions will be robust 
enough to alert people 3 months in advance 


Hot water 
In April, the U.S. National Oceanic and Atmospheric Administration 
predicted that much of the ocean surface would be engulfed in 

a marine heat wave (MHW) by July. Data from July matched those 
predictions in many areas, but not all. (An MHW was forecasted 

if there was a higher than 30% likelihood that sea surface 
temperatures would be in the top 10% of historic temperatures.) 


© No MHW forecasted, 
MHW occurred 


» MHW forecasted, 
no MHW occurred 


or more, informing decisions for fisheries, 
aquaculture, and marine conservation. An 
alarming forecast, for instance, might help a 
regulator decide to temporarily close fishing 
for a heat-sensitive species. 

But ocean temperature predictions are not 
yet reliable enough to be widely embraced 
by managers and fishers. “The accuracy in 
them still needs to be worked on,” says Arani 
Chandrapavan, a scientist in the Department 
of Primary Industries and Regional Develop- 
ment, which regulates fisheries in the 
state of Western Australia. 

The models piggyback on existing 
atmosphere and ocean simulations 
that are already deployed to make 


droughts and the waxing and waning 
of the El Nifio-Southern Oscillation 
(ENSO), a cyclical warming and cooling 
of water in the tropical Pacific that can 
influence weather around the world. 
“We are using [the models] to fore- 
cast extremes, specifically,’ says Dillon 
Amaya, a NOAA climate scientist and a 
leader in developing the agency’s new 
forecast, which makes predictions up 
to 12 months in advance. 

In June, his group predicted that 
by September half the world’s ocean 
surface would be in a heat wave, with 
monthly average sea surface tempera- 
tures within the top 10% of historic 
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predictions about phenomena such as ~ 


NEWS 


temperatures. As of early August, heat waves 
stretched across 48% of the oceans, the larg- 
est swath of overheated ocean in 3 decades 
of satellite records. Amaya chalks that up 
largely to a combination of long-term heat 
buildup from human-caused climate change 
and the emergence of El Nifio, the warm 
phase of ENSO. 

Similar water temperature predictions 
have already been put to use in the fishing 
industry—in one case, to catch the same 
number of fish but with less effort. Fishing 
companies in Australia can subscribe to a 
2-month forecast, created by Hobday and 
his colleagues, of where bluefin tuna—a 
temperature-sensitive species—are likely to 
be located off the country’s southern coast. 
It combines a model predicting sea surface 
temperatures with historic tracking data for 
the species. The projections help the fishing 
boats zero in on the fish more efficiently. 

In Oregon and Washington, Native 
tribes and state officials have consulted a 
seasonal forecast of regional ocean condi- 
tions over the past decade as they decide 
how to manage the Dungeness crab fish- 
ery. In 2018, a forecast of unusually low 
oxygen prompted the preemptive closure 
of a Washington fishery. “No one wants to 
pull up a crab trap full of dead crabs,” says 
Samantha Siedlecki, an oceanographer at 
the University of Connecticut who led de- 
velopment of the forecast model, which in- 
cludes temperature predictions. 

Some ocean parts defy easy prediction 
because their temperatures fluctuate with 
hard-to-predict forces. The Mediterranean, 
which was hit by a severe heat wave last year, 
is strongly affected by weather on nearby 
land because it’s relatively shallow and water 
moves in and out slowly from the Atlantic. 
And whereas ENSO influences surface tem- 
peratures in much of the world’s oceans, 
Pacific currents near Asia aren’t strongly 
connected to it and can change rapidly. 

To test the accuracy of the NOAA model, 
agency scientists plugged 30 years of histori- 
cal climate records into it. For many parts of 
the ocean, the model’s forecast of whether 
a particular region would experience a heat 
wave within the coming 3.5 months matched 
historic reality between 85% and 93% of the 
time, they reported in a 2022 paper in Na- 
ture. But the model’s predictions weren’t any 
better than a guess in some areas, including 
the Mediterranean and along the Atlantic’s 
Gulf Stream and Japan’s Kuroshio Current. 

Scientists have also found it challenging 
to predict the magnitude of temperature 
swings. Although the CSIRO model foresaw 
this summer’s Atlantic heat wave near Eu- 
rope, the prediction didn’t show it reach- 
ing record-breaking levels. In the month 
of June, sea surface temperatures there 
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reached more than 4°C above average in 
some places. “It’s very hard to get extreme 
events out of models,” Hobday says. 

Both the Australian and U.S. forecasts 
are still labeled “experimental” because 
they haven’t been deemed reliable enough 
to guide policymaking decisions. Still, 
Chandrapavan says fisheries managers in 
her part of Australia routinely monitor gov- 
ernment forecasts, and that warnings of hot 
water have in some cases already triggered 
more surveys of fisheries with ship-drawn 
nets to check their health. Beyond a wish 
for greater accuracy, she and others want 
the forecasts to have higher resolution. They 
can now only predict temperatures for areas 
covering hundreds or thousands of square 
kilometers. “The big-scale forecast is like a 
warning. But we want to be able to operate 
on a spatial scale that’s relevant to our stake- 
holders,’ Chandrapavan says. 

She may get her wish soon. Researchers at 
the University of Western Australia (UWA) 
are embarking on an initiative funded by the 
government and fishing industry to develop 
marine heat wave forecasts at the regional 
level. One hope is to use artificial intelligence 
to produce high-resolution forecasts that de- 
mand less computer power than traditional 
models, says Nicole Jones, a UWA physical 
oceanographer leading the effort. Although 
such a forecast would be specific to west- 
ern Australia, the tools “should be relevant 
worldwide,” she says. 

NOAA scientists also aim to bring their 
forecasts down to a local level in coastal wa- 
ters around the United States. As part of a 
4-year, $40 million initiative to help manage 
fisheries in a changing climate, the agency 
will develop models tuned to forecast ocean 
conditions on scales as small as 25 square 
kilometers, rather than the current 2500 to 
10,000 square kilometers. 

The hope is to be able to issue forecasts 
up to 1 year in advance about the increased 
risk of a marine heat wave in a particular 
area. Because conditions in the ocean often 
change more slowly than weather in the at- 
mosphere, an estimate of ocean conditions 
one-quarter of a year into the future is often 
comparable in accuracy to a 2-week weather 
forecast, says Charlie Stock, the NOAA 
oceanographer who leads the initiative. 

Although the result won’t be a crystal 
ball, the information could still help guide 
decisions about whether to open a fishery or 
where to steer a fishing fleet. Stock likens it 
to gamblers seeking every bit of information 
to increase the odds of winning a five-card 
poker hand. Ocean temperature forecasters 
are now placing bets after only seeing three 
cards, he says. “We’re trying to put out the 
fourth card and the fifth card so that we can 
kind of make those bets a little better.” 


PHYSICS 


China prepares 
to open new 
neutrino 
observatory 


Physicists hope to answer 
long-standing question 
about the relative masses of 
the three types of neutrinos 


By Dennis Normile, in Kaiping, China 


ome 700 meters beneath a hill here 

in the rural hinterlands of Guang- 

dong province, a new observatory 

is preparing to tackle one of cosmo- « 

logy’s lingering questions: Which of 

the three “flavors” of the wispy par- 
ticles known as neutrinos has the greatest 
mass? The answer could improve our un- . 
derstanding of fundamental physics, astro- 
physics, and cosmology. 

The Jiangmen Underground Neutrino 
Observatory (JUNO) “is very innovative 
and timely,” says Jennifer Thomas, a par- 
ticle physicist at University College London 
who sits on the observatory’s scientific ad- 
visory committee. “It is a very challenging 
measurement, but if they are successful, it 
will have huge impact on the field.” Other . 
experiments, in the United States and Ja- « 
pan, are pursuing the same goal, but many 
physicists think JUNO’s unmatched sensi- 
tivity could give it an edge. 

Late last month, JUNO researchers gath- : 
ered here to plan to start taking data a year 
from now. In blue hard hats and orange © 
vests, some rode a rudimentary cable car 
down a steeply sloped 1200-meter tunnel 
to the experiment chamber. There, the re- 
searchers clambered up scaffolding into the 
center of the massive, 35-meter-diameter 
acrylic sphere at the heart of the detector. 

The sphere will soon be filled with 20,000 
tons of a liquid scintillator—an organic so- 
lution that fluoresces, or scintillates, when 
excited by a neutrino interacting with nuclei 
in its atoms. It will be the largest and most 
sensitive scintillation detector ever built. 
Scientists improved the transparency and 
radiopurity of the acrylic used in the sphere 
and of the liquid scintillator, enabling JUNO 
to gather more of the telltale light flashes. 
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temperatures. As of early August, heat waves 
stretched across 48% of the oceans, the larg- 
est swath of overheated ocean in 3 decades 
of satellite records. Amaya chalks that up 
largely to a combination of long-term heat 
buildup from human-caused climate change 
and the emergence of El Nifio, the warm 
phase of ENSO. 

Similar water temperature predictions 
have already been put to use in the fishing 
industry—in one case, to catch the same 
number of fish but with less effort. Fishing 
companies in Australia can subscribe to a 
2-month forecast, created by Hobday and 
his colleagues, of where bluefin tuna—a 
temperature-sensitive species—are likely to 
be located off the country’s southern coast. 
It combines a model predicting sea surface 
temperatures with historic tracking data for 
the species. The projections help the fishing 
boats zero in on the fish more efficiently. 

In Oregon and Washington, Native 
tribes and state officials have consulted a 
seasonal forecast of regional ocean condi- 
tions over the past decade as they decide 
how to manage the Dungeness crab fish- 
ery. In 2018, a forecast of unusually low 
oxygen prompted the preemptive closure 
of a Washington fishery. “No one wants to 
pull up a crab trap full of dead crabs,” says 
Samantha Siedlecki, an oceanographer at 
the University of Connecticut who led de- 
velopment of the forecast model, which in- 
cludes temperature predictions. 

Some ocean parts defy easy prediction 
because their temperatures fluctuate with 
hard-to-predict forces. The Mediterranean, 
which was hit by a severe heat wave last year, 
is strongly affected by weather on nearby 
land because it’s relatively shallow and water 
moves in and out slowly from the Atlantic. 
And whereas ENSO influences surface tem- 
peratures in much of the world’s oceans, 
Pacific currents near Asia aren’t strongly 
connected to it and can change rapidly. 

To test the accuracy of the NOAA model, 
agency scientists plugged 30 years of histori- 
cal climate records into it. For many parts of 
the ocean, the model’s forecast of whether 
a particular region would experience a heat 
wave within the coming 3.5 months matched 
historic reality between 85% and 93% of the 
time, they reported in a 2022 paper in Na- 
ture. But the model’s predictions weren’t any 
better than a guess in some areas, including 
the Mediterranean and along the Atlantic’s 
Gulf Stream and Japan’s Kuroshio Current. 

Scientists have also found it challenging 
to predict the magnitude of temperature 
swings. Although the CSIRO model foresaw 
this summer’s Atlantic heat wave near Eu- 
rope, the prediction didn’t show it reach- 
ing record-breaking levels. In the month 
of June, sea surface temperatures there 


SCIENCE science.org 


reached more than 4°C above average in 
some places. “It’s very hard to get extreme 
events out of models,” Hobday says. 

Both the Australian and U.S. forecasts 
are still labeled “experimental” because 
they haven’t been deemed reliable enough 
to guide policymaking decisions. Still, 
Chandrapavan says fisheries managers in 
her part of Australia routinely monitor gov- 
ernment forecasts, and that warnings of hot 
water have in some cases already triggered 
more surveys of fisheries with ship-drawn 
nets to check their health. Beyond a wish 
for greater accuracy, she and others want 
the forecasts to have higher resolution. They 
can now only predict temperatures for areas 
covering hundreds or thousands of square 
kilometers. “The big-scale forecast is like a 
warning. But we want to be able to operate 
on a spatial scale that’s relevant to our stake- 
holders,’ Chandrapavan says. 

She may get her wish soon. Researchers at 
the University of Western Australia (UWA) 
are embarking on an initiative funded by the 
government and fishing industry to develop 
marine heat wave forecasts at the regional 
level. One hope is to use artificial intelligence 
to produce high-resolution forecasts that de- 
mand less computer power than traditional 
models, says Nicole Jones, a UWA physical 
oceanographer leading the effort. Although 
such a forecast would be specific to west- 
ern Australia, the tools “should be relevant 
worldwide,” she says. 

NOAA scientists also aim to bring their 
forecasts down to a local level in coastal wa- 
ters around the United States. As part of a 
4-year, $40 million initiative to help manage 
fisheries in a changing climate, the agency 
will develop models tuned to forecast ocean 
conditions on scales as small as 25 square 
kilometers, rather than the current 2500 to 
10,000 square kilometers. 

The hope is to be able to issue forecasts 
up to 1 year in advance about the increased 
risk of a marine heat wave in a particular 
area. Because conditions in the ocean often 
change more slowly than weather in the at- 
mosphere, an estimate of ocean conditions 
one-quarter of a year into the future is often 
comparable in accuracy to a 2-week weather 
forecast, says Charlie Stock, the NOAA 
oceanographer who leads the initiative. 

Although the result won’t be a crystal 
ball, the information could still help guide 
decisions about whether to open a fishery or 
where to steer a fishing fleet. Stock likens it 
to gamblers seeking every bit of information 
to increase the odds of winning a five-card 
poker hand. Ocean temperature forecasters 
are now placing bets after only seeing three 
cards, he says. “We’re trying to put out the 
fourth card and the fifth card so that we can 
kind of make those bets a little better.” 
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China prepares 
to open new 
neutrino 
observatory 


Physicists hope to answer 
long-standing question 
about the relative masses of 
the three types of neutrinos 


PHYSICS 


By Dennis Normile, in Kaiping, China 


ome 700 meters beneath a hill here 

in the rural hinterlands of Guang- 

dong province, a new observatory 

is preparing to tackle one of cosmo- « 

logy’s lingering questions: Which of 

the three “flavors” of the wispy par- 
ticles known as neutrinos has the greatest 
mass? The answer could improve our un- . 
derstanding of fundamental physics, astro- 
physics, and cosmology. 

The Jiangmen Underground Neutrino 
Observatory (JUNO) “is very innovative 
and timely,” says Jennifer Thomas, a par- 
ticle physicist at University College London 
who sits on the observatory’s scientific ad- 
visory committee. “It is a very challenging 
measurement, but if they are successful, it 
will have huge impact on the field.” Other 
experiments, in the United States and Ja- 
pan, are pursuing the same goal, but many 
physicists think JUNO’s unmatched sensi- 
tivity could give it an edge. 

Late last month, JUNO researchers gath- 
ered here to plan to start taking data a year 
from now. In blue hard hats and orange © 
vests, some rode a rudimentary cable car 
down a steeply sloped 1200-meter tunnel 
to the experiment chamber. There, the re- 
searchers clambered up scaffolding into the 
center of the massive, 35-meter-diameter 
acrylic sphere at the heart of the detector. 

The sphere will soon be filled with 20,000 
tons of a liquid scintillator—an organic so- 
lution that fluoresces, or scintillates, when 
excited by a neutrino interacting with nuclei 
in its atoms. It will be the largest and most 
sensitive scintillation detector ever built. 
Scientists improved the transparency and 
radiopurity of the acrylic used in the sphere 
and of the liquid scintillator, enabling JUNO 
to gather more of the telltale light flashes. 
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And industrial partners boosted the sensi- 
tivity of the 43,000 photomultiplier tubes 
arrayed around the sphere that detect the 
pulses. In a first, smaller tubes sit between 
larger tubes, enhancing the sensors. 

As neutrinos zip along at nearly the 
speed of light, they have the strange abil- 
ity to change back and forth among three 
types or flavors: electron, muon, and tau. 
JUNO will build on results of an earlier de- 
tector, China’s Daya Bay Reactor Neutrino 
Experiment, which used a tank holding 
scintillator to catch antineutrinos 
generated by nuclear reactors. In 
2012, its data enabled physicists 
to determine a key parameter de- 
scribing how frequently neutrinos 
change their identities. 

Even while Daya Bay was un- 
der construction, China’s Institute 
of High Energy Physics (IHEP) 
was studying a possible succes- 
sor. IHEP President Yifang Wang 
recalls that when Daya Bay made 
headlines, the head of the Chinese 
Academy of Sciences (CAS) asked 
him: “What’s next?” Wang “had a 
plan in my pocket,” he says. 

CAS allotted $300 million to 
build JUNO. To realize the plan, 
Wang assembled a_ collabora- 
tion that now numbers about 
700 members from 76 institutions 
in 18 countries. IHEP and Wang 
“have leveraged their Daya Bay 
experience in a clever way,’ says 
Patrick Huber, a theoretical physi- 
cist at the Virginia Polytechnic In- 
stitute and State University. 

The result is what Huber calls 
“a high-impact, modest-risk ex- 
periment.” By studying electron 
antineutrinos coming from eight 
reactors at two nuclear plants, 
both 53 kilometers away, the proj- 
ect aims to solve a puzzle known 
as the mass ordering (also called 
the mass hierarchy). Neutrinos 
come in three mass states—ml, 
m2, and m3—that, confusingly, do not cor- 
respond to the three neutrino flavors. Each 
flavor is a quantum mechanical mix of the 
three mass states. 

Physicists have already determined that 
m2 is slightly heavier than m1 and that there 
is a greater mass difference between m3 and 
the other two. But they don’t know whether 
m3 is heavier than m2—what’s called the 
normal ordering—or lighter than ml, the in- 
verted ordering. The order has implications 
for other key questions in physics, such as 
how neutrinos acquire mass in the first place. 

As the electron antineutrinos travel from 
the reactors to JUNO, many will oscillate 
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into muon or tau antineutrinos that the de- 
tector can’t see. Some of the surviving elec- 
tron antineutrinos will slam into a proton 
in the scintillator, producing an energetic 
positron that results in a flash of light. The 
collision will also produce a lower energy 
neutron that, about 200 microseconds later, 
will be captured by an atomic nucleus and 
produce a second flash. The rapid one- 
two flicker “allows us to select our signal” 
from background noise, says Pedro Ochoa- 
Ricoux, an experimental physicist at the 
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Workers finalize the framework surrounding the Jiangmen Underground Neutrino 
Observatory’s acrylic sphere, which will be filled with a liquid scintillator. 


University of California, Irvine, who is a 
member of the JUNO team. By compar- 
ing the number of electron antineutrinos 
emanating from the reactors with the num- 
ber detected, JUNO physicists can deter- 
mine how many have oscillated into the 
undetectable muon or tau flavors. 

Whether the neutrino mass ordering is 
normal or inverted subtly affects the neu- 
trino oscillations. JUNO’s unprecedented 
sensitivity will allow scientists to distin- 
guish whether the energy spectrum—how 
the neutrinos’ oscillation rate varies with 
their energy—matches that expected for the 
normal or the inverted ordering. The dif- 


ference between the spectra is so minute 
that researchers will need to record 100,000 
events to achieve statistical significance, re- 
quiring about 6 years of data. 

Groundwater problems delayed JUNO’s 
start by 3 years, but Wang is confident it 
will solve the mass ordering question ahead 
of its rivals. Two ongoing neutrino experi- 
ments that study beams of neutrinos from 
accelerators—NOvA at Fermi National Ac- 
celerator Laboratory and Japan’s Tokai to 
Kamioka (T2K)—“have been slowly chip- 
ping away at the mass hierarchy,” 
Huber says. But he gives JUNO 
“3-to-1 odds to get there first.” 

If it doesn’t succeed, the chal- 
lenge will pass to two massive 
planned experiments: Japan’s 
$800 million Hyper-Kamiokande 
and the United States’s $3.3 bil- 
lion Deep Underground Neu- 
trino Experiment (Science, 30 
September 2022, p. 1480). But 
they won’t start to collect data 
before 2027 and sometime in the 
2030s, respectively. 

In the meantime, research- 
ers expect JUNO to help answer 
other questions. For example, 
it will capture low energy so- 
lar neutrinos, providing “a real 
time picture of processes at the 
center of the Sun,” says Barbara 
Caccianiga, a nuclear and particle 
physicist at Italy’s National Insti- 
tute for Nuclear Physics. JUNO 
could also score the first ever 
observation of the diffuse super- 
nova neutrino background—the 
neutrinos emitted by all the gi- 
ant stars that have collapsed in 
supernovae across the universe. 
And in 1 year JUNO will likely 
capture more  geoneutrinos— 
generated by the radioactive decay 
of Earth’s thorium and uranium— 
than have been measured in his- 
tory. The geoneutrinos could 
provide clues to the planet’s com- 
position and geophysical processes such as 
mantle convection. 

Meanwhile, “I do have another experiment 
after JUNO in my pocket,’ Wang says. It would 
tweak JUNO’s liquid scintillator so the detec- 
tor could watch for another exotic nuclear 
physics phenomenon called neutrinoless 
double beta decay. If neutrinoless double 
beta decay is ever observed it would indicate 
that the neutrino is its own antiparticle, un- 
like any other fundamental particle that has 
mass. The finding that might provide a clue 
to why there is more matter than antimatter 
in the universe. Wang aims to launch the 
follow-on experiment by 2040. 


science.org SCIENCE 


IMAGE: NASA/JPL-CALTECH 


ASTRONOMY 


Quasar at 
cosmic dawn 


challenges 
theorists 


Black hole 40 million 
times the Sun’s 
formed puzzlingly fast 


By Daniel Clery 


stronomers have found by far the 
most distant and earliest quasar ever 
seen, a cosmic beacon shining so soon 
after the big bang that standard the- 
ory can’t explain how it was built. 
Among the most luminous objects in 
the cosmos, quasars are powered by super- 
massive black holes in the center of galaxies, 
which suck in matter so voraciously that it 
becomes white hot from friction and glows 
brightly enough to be seen across the uni- 
verse. Astronomers thought the black holes 
formed stepwise within early galaxies, as 
giant stars collapsed and merged, but qua- 
sars detected from when the universe was 
less than 1 billion years old have challenged 
the idea. “We were already concerned,” says 
Anna-Christina Eilers of the Massachusetts 
Institute of Technology. The new one, dubbed 
UHZ-1, which blazed when the universe was 
less than 450 million years old, has made that 
scenario untenable. 

It’s not just UHZ-1’s early date, confirmed 
in a preprint posted on 5 August. The obser- 
vations show its black hole is so large com- 
pared with the galaxy around it that it can’t 
have evolved slowly at the galaxy’s heart, but 
must have formed rapidly, by an entirely dif- 
ferent process. 

UHZ-1 was first seen as a tiny speck of 
light in an image made by JWST, NASA’s new 
infrared space telescope, of a megacluster of 
galaxies residing 4 billion light-years from 
Earth. The gravity of the giant cluster bends 
light like a giant lens, magnifying more 
distant objects behind it and making them 
easier to study. A few of the magnified dots 
appeared to be galaxies from when the uni- 
verse was less than half a billion years old— 
among the earliest ever seen. 

To see whether any of those galaxy candi- 
dates harbored quasars, observers viewed the 
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area with another NASA space observatory, 
Chandra, which can detect the x-rays that are 
the most reliable signature of quasars. “One 
object stood out,’ says team member Andy 
Goulding of Princeton University. “It was 
booming” in x-rays. 

The x-ray brightness implied that the 
accreting black hole had a mass roughly 
40 million times the mass of our Sun. The 
team then went back to JWST to make sure 
the quasar was as early as it appeared to be 
in the original images. By analyzing how far 
certain features in its spectrum are shifted 
toward longer, redder wavelengths by expan- 
sion of the universe, they confirmed they 
were seeing the quasar at between 400 mil- 
lion and 450 million years after the big bang. 

“Tt’s hard to argue that it’s anything other 
than a black hole,” says Daniel Whalen of the 
University of Portsmouth—one far too big 
and too early for the conventional picture to 
explain. That scenario starts soon after the 
big bang, 13.7 billion years ago, as clumps of 
the mysterious dark matter that pervades the 
universe draw in primordial gases—mostly 
hydrogen and helium. The gases coalesce 
into giant “population III” stars, which 
swiftly burn up all their fuel and collapse into 
black holes with masses at most a few hun- 
dred times that of the Sun. Those early black 
holes would be the “seeds” for future super- 
massive ones. They would grow by accreting 
more gas, merge with other seeds, and pull 
in stars to form a galaxy around themselves. 

Some theorists already doubted that this 
stepwise process could produce the earliest 
quasars, and that much larger seeds were 
needed. The same spectrum that confirmed 
UHZ-1’s distance suggests they were right. It 
allowed astronomers to estimate the mass of 
the galaxy: At 140 million times that of the 
Sun, it was only a few times the mass of the 
black hole at its heart. In contrast, quasars 
seen later in cosmic history are dwarfed by 


Supermassive black holes 
power brilliant beacons by 
sucking in surrounding gas. 


their galaxies, being 0.1% of the mass or less. 
To grow so large compared with its host gal- 
axy and so soon after the big bang, the quasar 
must have had a head start. UHZ-1 “doesn’t 
put the last nail in the coffin lid” of light 
seeds, Whalen says. “But you really couldn’t 
have formed this from population III stars.” 
In another preprint, posted on 4 August, 
Goulding and others argue that UHZ-1 fits a 
model proposed in 2017, in which radiation 
from early stars prevents a giant gas cloud 
nearby from cooling, fragmenting, and col- 
lapsing into more stars. Eventually, that cloud 
becomes unstable and collapses into a single 
black hole tens of thousands or even hun- 
dreds of thousands of times the mass of our 
Sun. This hefty seed could then merge with a 
nearby galaxy in formation and quickly grow 
into an outsize black hole like UHZ-1. 
Another, more exotic possibility was pre- 
sented in the Proceedings of the National 
Academy of Sciences last month by Katherine 
Freese of the University of Texas at Austin 
and colleagues: huge, puffy stars powered by 
dark matter. These “dark stars” would burn 
slowly, powered by the energy that some 
speculative forms of dark matter might give 
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off, and over time would grow to 1 million © 


times the mass of the Sun. When its dark 
matter power source gives out, a dark star 
would quickly collapse into a 1-million-solar- 
mass black hole—a perfect large seed ready 
to be adopted by a nearby protogalaxy. Freese 
says another JWST survey has already found 
three objects in the early universe that bear 
hallmarks of being dark stars. 

Giant gas clouds and dark stars are only 
two of the scenarios theorists have devised 
for jump-starting the growth of quasars. 
Now, it’s up to observers to figure out which 
could be real. “We need more observations 
and for sure they will come for such a fasci- 
nating source,” says Melanie Habouzit of the 
Max Planck Institute for Astronomy. 
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ARTIFICIAL INTELLIGENCE 


Researchers propose test for Al sentience 


Human consciousness theories inform preliminary checklist for bots 


By Elizabeth Finkel 


n 2021, Google engineer Blake Lemoine 

made headlines—and got himself 

fired—when he claimed that LaMDA, 

the chatbot he’d been testing, was 

sentient. Artificial intelligence (AI) 

systems, especially so-called large lan- 
guage models such as LaMDA and Chat- 
GPT, can certainly seem conscious. But 
they’re trained on vast amounts of text to 
imitate human responses. So how can we 
really know? 

Now, a group of 19 computer scientists, 
neuroscientists, and philosophers has come 
up with an approach: not a single defini- 
tive test, but a lengthy checklist of attri- 
butes that, together, could suggest but not 
prove an AI is conscious. In a 120-page 
discussion paper posted as a preprint this 
week, the researchers draw on theories of 
human consciousness to propose 14 criteria, 
and then apply them to existing AI archi- 
tectures, including the type of model that 
powers ChatGPT. 

None is likely to be conscious, they con- 
clude. But the work offers a framework 
for evaluating increasingly humanlike Als, 
says co-author Robert Long of the San 
Francisco-based nonprofit Center for AI 
Safety. “We’re introducing a systematic 
methodology previously lacking.” 

Adeel Razi, a computational neuro- 
scientist at Monash University and a fel- 
low at the Canadian Institute for Advanced 
Research (CIFAR) who was not involved in 
the new paper, says that is a valuable step. 
“We're all starting the discussion rather than 
coming up with answers.” 

Until recently, machine consciousness 
was the stuff of science fiction movies such 
as Ex Machina. “When Blake Lemoine was 
fired from Google after being convinced by 
LaMDA, that marked a change,” Long says. 
“Tf Als can give the impression of conscious- 
ness, that makes it an urgent priority for 
scientists and philosophers to weigh in.” 
Long and philosopher Patrick Butlin of the 
University of Oxford’s Future of Humanity 
Institute organized two workshops on how 
to test for sentience in AI. 

For one collaborator, computational 
neuroscientist Megan Peters at the Uni- 
versity of California, Irvine, the issue has a 
moral dimension. “How do we treat an AI 
based on its probability of consciousness? 
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Personally this is part of what compels me.” 

Enlisting researchers from diverse disci- 
plines made for “a deep and nuanced ex- 
ploration,” she says. “Long and Butlin have 
done a beautiful job herding cats.” 

One of the first tasks for the herd was to 
define consciousness, “a word full of traps,” 
says another member, machine learning pio- 
neer Yoshua Bengio of the Mila-Quebec Arti- 
ficial Intelligence Institute. The researchers 
decided to focus on what New York Univer- 
sity philosopher Ned Block has termed “phe- 
nomenal consciousness,” or the subjective 
quality of an experience—what it is like to 
see red or feel pain. 

But how does one go about probing the 
phenomenal consciousness of an algo- 
rithm? Unlike a human brain, it offers no 
signals of its inner workings detectable 
with an electroencephalogram or MRI. 
Instead, the researchers took “a theory- 
heavy approach,” explains collaborator Liad 
Mudrik, a cognitive neuroscientist at Tel 
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Aviv University: They would first mine cur- 
rent theories of human consciousness for 
the core descriptors of a conscious state, 
and then look for these in an AI’s underly- 
ing architecture. 

To be included, a theory had to be based 
on neuroscience and supported by empiri- 
cal evidence, such as data from brain scans 
during tests that manipulate conscious- 
ness using perceptual tricks. It also had to 
allow for the possibility that consciousness 
can arise regardless of whether computa- 
tions are performed by biological neurons 
or silicon chips. 

Six theories made the grade. One was 
the Recurrent Processing Theory, which 
proposes that passing information through 
feedback loops is key to consciousness. An- 
other, the Global Neuronal Workspace The- 
ory, contends that consciousness arises when 
independent streams of information pass 
through a bottleneck to combine in a work- 
space analogous to a computer clipboard. 


“If Als can give 
the impression 
of consciousness, 
that makes it 


an urgent priority 

for scientists 

and philosophers 
to weigh in.” 


Robert Long, Center for Al Safety 
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Higher Order Theories suggest conscious- 
ness involves a process of representing and 
annotating basic inputs received from the 
senses. Other theories emphasize the im- 
portance of mechanisms for controlling at- 
tention and the need for a body that gets 
feedback from the outside world. From the 
six included theories the team extracted 
their 14 indicators of a conscious state. 

The researchers reasoned that the more 
indicators an AI architecture checks off, 
the more likely it is to possess conscious- 
ness. Mila-based machine learning ex- 
pert Eric Elmoznino applied the checklist 
to several Als with different architectures, 
including those used for image generation 
such as Dall-E2. Doing so required making 
judgment calls and navigating gray areas. 
Many of the architectures ticked the box 
for indicators from the Recurrent Process- 
ing Theory. One variant of the type of large 
language model underlying ChatGPT came 
close to also exhibiting another feature, the 
presence of a global workspace. 

Google’s PaLM-E, which receives inputs 
from various robotic sensors, met the cri- 
terion “agency and embodiment.” And, “If 
you squint there’s something like a work- 
space,” Elmoznino adds. 

DeepMind’s transformer-based Adaptive 
Agent (AdA), which was trained to control 
an avatar in a simulated 3D space, also 
qualified for “agency and embodiment,’ 
even though it lacks physical sensors like 
PaLM-E has. Because of its spatial aware- 
ness, “AdA was the most likely ... to be em- 
bodied by our standards,” the authors say. 

Given that none of the Als ticked more 
than a handful of boxes, none is a strong 
candidate for consciousness, although 
Elmoznino says, “It would be trivial to de- 
sign all these features into an AI.” The rea- 
son no one has done so is “it is not clear 
they would be useful for tasks.” 

The authors say their checklist is a 
work in progress. And it’s not the only 
such effort underway. Some members of 
the group, along with Razi, are part of a 
CIFAR-funded project to devise a broader 
consciousness test that can also be applied 
to organoids, animals, and newborns. 
They hope to produce a publication in the 
next few months. 

The problem for all such projects, Razi 
says, is that current theories are based on 
our understanding of human conscious- 
ness. Yet consciousness may take other 
forms, even in our fellow mammals. “We 
really have no idea what it’s like to be a 
bat,” he says. “It’s a limitation we cannot 
get rid of.” 


Elizabeth Finkel is a journalist based in 
Melbourne, Australia. 
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Chemists convert electricity 
into fuel for living cells 


ATP generated with renewable power could be used to 
manufacture proteins and medicines 


By Robert F. Service 


ower plants incessantly burn fossil fu- 

els to convert the solar energy stored 

by plants eons ago into electricity. But 

going the other direction—converting 

electricity into a biologically useful 

form of energy—has been much more 
difficult. Now, however, a simple chemical 
scheme can convert electrical energy into 
adenosine triphosphate (ATP), the chemical 
fuel used by all cells, a research team reports. 
With the process, electricity from renewable 
sources might someday power biofactories 
to make everything from protein supple- 
ments to medicines. 

“This is really exciting,” says Michael 
Jewett, a bioengineer at Stanford University. 
“This new approach harnesses _ biological 
processes to carry out functions that nature 
never needed, but could benefit society.” 

Within the cells of plants, organelles called 
chloroplasts use sunlight to generate ATP as 
part of the process of photosynthesis. The 
ATP then powers myriad reactions essential 
for metabolism. When an ATP molecule is 
used, it is stripped of one of its phosphate 
groups, creating adenosine diphosphate, or 
ADP. The ADP is then recycled and fed more 
captured energy to regenerate ATP. Plant- 
eating animals burn glucose to power this 
same cycle, which occurs some 10 million 
times per second in every cell. 

Industrial biotechnologists tap into this 
cycle by harnessing specially bred or modi- 
fied microbes to manufacture everything 
from biofuels to pharmaceuticals. A process 
typically starts by growing plants to make 
sugar or other food that can be fed to yeast, 
Escherichia coli, or other industrial microbes. 
The microbes use the food to generate ATP 
that powers the desired biochemical reac- 
tions. But plants typically only convert 1% of 
the energy in sunlight into sugars or other 
compounds, so such processes are inefficient. 

In contrast, solar cells typically convert 
20% or more of the energy in sunlight to 
electricity. Given that disparity, Tobias Erb, 
a synthetic biologist at the Max Planck In- 
stitute for Terrestrial Microbiology, and his 
colleagues sought a way to convert electric- 
ity into ATP more directly. Others had tried 


before. In 2016, researchers in Spain did 
so by precisely orienting copies of an ATP- 
generating enzyme, called ATP synthase, in 
a membrane adjacent to an electrode. The 
approach worked in the lab but seemed too 
complex to be practical, Erb says. 

Erb’s team set out to devise a simpler ap- 
proach, creating the “AAA cycle” in which 
four enzymes in solution harness electric- 
ity and use it to convert ADP, added as a 
reagent, into ATP. Key to the process, Erb 
says, is a tungsten-containing enzyme called 
aldehyde ferredoxin oxidoreductase (AOR) 
that was isolated from a bacterium just 
9 years ago. AOR can’t directly convert ADP 
to ATP. Rather it acts a bit like an engine to 
power the process. “AOR is an energy con- 
verter,’ Erb says. 

AOR grabs pairs of electrons from an elec- 
trode and uses them to add an energy-rich 
chemical bond to a starting compound called 
propionate, converting it to propionalde- 
hyde. Other enzymes then modify that chem- 
ical further, until a final enzyme remakes the 
starting compound, restarting the cycle while 
unleashing the energy in the bond. “This pro- 
cess releases energy that is used to generate 
ATP,’ says Shanshan Luo, a postdoctoral re- 
searcher at the Max Planck institute and lead 
author of the study. The team then used this 
ATP to drive the conversion of DNA into RNA 
and proteins in a cell-free setup, a result they 
reported last week in Joule. 

“The simple AAA cycle is a clever and 
elegant approach ... that is much simpler 


than how biology naturally makes ATP,” © 


says Drew Endy, a synthetic biologist at 
Stanford. It could be an enabling techno- 
logy for the emerging field of electrobio- 
synthesis, which focuses on using electric- 
ity to power the growth of everything from 
food to pharmaceuticals, he adds. “It’s hard 
for me to overstate the importance of this 
possibility,’ Endy says. 

The AAA cycle must be improved, how- 
ever. In solution, AOR survives only for 
about 1 hour. But Erb says his team is al- 
ready trying to evolve more stable enzymes 
and protect them inside a gel they can at- 
tach to an electrode. If either succeeds, 
bioengineers could soon have a new way to 
power production processes. 
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Higher Order Theories suggest conscious- 
ness involves a process of representing and 
annotating basic inputs received from the 
senses. Other theories emphasize the im- 
portance of mechanisms for controlling at- 
tention and the need for a body that gets 
feedback from the outside world. From the 
six included theories the team extracted 
their 14 indicators of a conscious state. 

The researchers reasoned that the more 
indicators an AI architecture checks off, 
the more likely it is to possess conscious- 
ness. Mila-based machine learning ex- 
pert Eric Elmoznino applied the checklist 
to several Als with different architectures, 
including those used for image generation 
such as Dall-E2. Doing so required making 
judgment calls and navigating gray areas. 
Many of the architectures ticked the box 
for indicators from the Recurrent Process- 
ing Theory. One variant of the type of large 
language model underlying ChatGPT came 
close to also exhibiting another feature, the 
presence of a global workspace. 

Google’s PaLM-E, which receives inputs 
from various robotic sensors, met the cri- 
terion “agency and embodiment.” And, “If 
you squint there’s something like a work- 
space,” Elmoznino adds. 

DeepMind’s transformer-based Adaptive 
Agent (AdA), which was trained to control 
an avatar in a simulated 3D space, also 
qualified for “agency and embodiment,’ 
even though it lacks physical sensors like 
PaLM-E has. Because of its spatial aware- 
ness, “AdA was the most likely ... to be em- 
bodied by our standards,” the authors say. 

Given that none of the Als ticked more 
than a handful of boxes, none is a strong 
candidate for consciousness, although 
Elmoznino says, “It would be trivial to de- 
sign all these features into an AI.” The rea- 
son no one has done so is “it is not clear 
they would be useful for tasks.” 

The authors say their checklist is a 
work in progress. And it’s not the only 
such effort underway. Some members of 
the group, along with Razi, are part of a 
CIFAR-funded project to devise a broader 
consciousness test that can also be applied 
to organoids, animals, and newborns. 
They hope to produce a publication in the 
next few months. 

The problem for all such projects, Razi 
says, is that current theories are based on 
our understanding of human conscious- 
ness. Yet consciousness may take other 
forms, even in our fellow mammals. “We 
really have no idea what it’s like to be a 
bat,” he says. “It’s a limitation we cannot 
get rid of.” 


Elizabeth Finkel is a journalist based in 
Melbourne, Australia. 
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Chemists convert electricity 
into fuel for living cells 


ATP generated with renewable power could be used to 
manufacture proteins and medicines 


By Robert F. Service 


ower plants incessantly burn fossil fu- 

els to convert the solar energy stored 

by plants eons ago into electricity. But 

going the other direction—converting 

electricity into a biologically useful 

form of energy—has been much more 
difficult. Now, however, a simple chemical 
scheme can convert electrical energy into 
adenosine triphosphate (ATP), the chemical 
fuel used by all cells, a research team reports. 
With the process, electricity from renewable 
sources might someday power biofactories 
to make everything from protein supple- 
ments to medicines. 

“This is really exciting,” says Michael 
Jewett, a bioengineer at Stanford University. 
“This new approach harnesses _ biological 
processes to carry out functions that nature 
never needed, but could benefit society.” 

Within the cells of plants, organelles called 
chloroplasts use sunlight to generate ATP as 
part of the process of photosynthesis. The 
ATP then powers myriad reactions essential 
for metabolism. When an ATP molecule is 
used, it is stripped of one of its phosphate 
groups, creating adenosine diphosphate, or 
ADP. The ADP is then recycled and fed more 
captured energy to regenerate ATP. Plant- 
eating animals burn glucose to power this 
same cycle, which occurs some 10 million 
times per second in every cell. 

Industrial biotechnologists tap into this 
cycle by harnessing specially bred or modi- 
fied microbes to manufacture everything 
from biofuels to pharmaceuticals. A process 
typically starts by growing plants to make 
sugar or other food that can be fed to yeast, 
Escherichia coli, or other industrial microbes. 
The microbes use the food to generate ATP 
that powers the desired biochemical reac- 
tions. But plants typically only convert 1% of 
the energy in sunlight into sugars or other 
compounds, so such processes are inefficient. 

In contrast, solar cells typically convert 
20% or more of the energy in sunlight to 
electricity. Given that disparity, Tobias Erb, 
a synthetic biologist at the Max Planck In- 
stitute for Terrestrial Microbiology, and his 
colleagues sought a way to convert electric- 
ity into ATP more directly. Others had tried 


before. In 2016, researchers in Spain did 
so by precisely orienting copies of an ATP- 
generating enzyme, called ATP synthase, in 
a membrane adjacent to an electrode. The 
approach worked in the lab but seemed too 
complex to be practical, Erb says. 

Erb’s team set out to devise a simpler ap- 
proach, creating the “AAA cycle” in which 
four enzymes in solution harness electric- 
ity and use it to convert ADP, added as a 
reagent, into ATP. Key to the process, Erb 
says, is a tungsten-containing enzyme called 
aldehyde ferredoxin oxidoreductase (AOR) 
that was isolated from a bacterium just 
9 years ago. AOR can’t directly convert ADP 
to ATP. Rather it acts a bit like an engine to 
power the process. “AOR is an energy con- 
verter,’ Erb says. 

AOR grabs pairs of electrons from an elec- 
trode and uses them to add an energy-rich 
chemical bond to a starting compound called 
propionate, converting it to propionalde- 
hyde. Other enzymes then modify that chem- 
ical further, until a final enzyme remakes the 
starting compound, restarting the cycle while 
unleashing the energy in the bond. “This pro- 
cess releases energy that is used to generate 
ATP,’ says Shanshan Luo, a postdoctoral re- 
searcher at the Max Planck institute and lead 
author of the study. The team then used this 
ATP to drive the conversion of DNA into RNA 
and proteins in a cell-free setup, a result they 
reported last week in Joule. 

“The simple AAA cycle is a clever and 
elegant approach ... that is much simpler 


than how biology naturally makes ATP,” © 


says Drew Endy, a synthetic biologist at 
Stanford. It could be an enabling techno- 
logy for the emerging field of electrobio- 
synthesis, which focuses on using electric- 
ity to power the growth of everything from 
food to pharmaceuticals, he adds. “It’s hard 
for me to overstate the importance of this 
possibility,’ Endy says. 

The AAA cycle must be improved, how- 
ever. In solution, AOR survives only for 
about 1 hour. But Erb says his team is al- 
ready trying to evolve more stable enzymes 
and protect them inside a gel they can at- 
tach to an electrode. If either succeeds, 
bioengineers could soon have a new way to 
power production processes. 
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ASTRONOMY 


Cyberattack shutters major telescopes 


Denied remote access, astronomers struggling to prevent loss of valuable observing time 


By Celina Zhao and Tanvi Dutta Gupta 


mysterious “cyber incident” has para- 

lyzed 10 telescopes—including major 

instruments in Hawaii and Chile— 

since the beginning of August and 

allowed only in-person observations 

at several more. As Science went to 
press, research teams were scrambling to 
find alternatives, including sending gradu- 
ate students to Chile to relieve exhausted 
on-site staff, as critical observation win- 
dows threaten to close. 

“We're all in this together,” says Gautham 
Narayan, an astronomer at the University 
of Illinois Urbana-Champaign whose team 
is trying to save its chance to observe new 
supernovae using one of the affected Chil- 


NOIRLab powered down all operations at 
the International Gemini Observatory, which 
runs the Hawaii telescope and its twin, Gem- 
ini South, on Cerro Tololo in Chile. (The lat- 
ter was already offline for a planned outage.) 
On 9 August the center announced it also 
disabled remote observations at a number of 
other telescopes in Chile, including the Vic- 
tor M. Blanco 4-meter and Southern Astro- 
physical Research (SOAR) telescopes. 

NOIRLab has provided few further de- 
tails, even to employees, and declined to say 
whether the incident was a ransomware at- 
tack, in which hackers demand money for 
restoring data or a network. NOIRLab was 
“working around the clock to get the tele- 
scopes back into the sky,’ a spokesperson 
told Science last week. 


The Gemini North telescope in Hawaii is one of a number of instruments affected by a “cyber incident.” 


ean telescopes. The astronomy community 
has a “grim determination to press on, de- 
spite the trying circumstances,” he adds. 

Normally, computer systems operated 
by NOIRLab, a ground-based astronomy 
center funded by the U.S. National Sci- 
ence Foundation (NSF), allows researchers 
to remotely operate a far-flung network 
of telescopes. But on 1 August, NOIRLab 
announced the detection of an apparent 
cyberattack on its Gemini North telescope 
on the Big Island of Hawaii. Whatever hap- 
pened may have placed the instrument in 
physical jeopardy. “Quick reactions by the 
NOIRLab cyber security team and observ- 
ing teams prevented damage to the obser- 
vatory,’ NOIRLab said. 
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Narayan praises NOIRLab’s “exemplary” 
response, and he and other astronomers 
express sympathy for the center. “I assume 
the challenges they're facing are bigger 
than me not getting observations,” says Luis 
Welbanks, an astronomy postdoc at Arizona 
State University. 

But astronomers are getting anxious. 
Multiple international projects, as well as 
doctoral theses and papers under develop- 
ment, depend on data from the telescopes. 

One pressing problem is that ground- 
based astronomy often depends on ob- 
servations precisely timed to when 
extraterrestrial objects align with the field 
of view of a specific telescope. Astronomers 
try to plan for delays—anything from bad 


weather to a power outage—but hackers 
have not typically figured into their cal- 
culations. “We’re lucky enough to make it 
through a regular night,’ Welbanks says. 
“But now we have to consider the cyber- 
security implications.” 

For early-career researchers like 
Welbanks, a lengthy delay could be particu- 
larly harmful. He relies on Gemini South 
to study exoplanet atmospheres; the shut- 
down has already caused him to miss three 
of his seven observation windows this year. 

NOIRLab staff have been going “well 
above and beyond the call of duty” to keep 
projects going, Narayan says. To make up 
for the lack of remote observing, some on- 
site staff at the Blanco and SOAR telescopes 
have been helping researchers by recording 
in-person observations. But that practice is 
not sustainable, NOIRLab noted in an in- 
ternal email—hence the discussions about 
dispatching graduate students to Chile. 

Cybersecurity experts are perplexed as 
to why the hacker targeted Gemini North. 
“Quite possibly, the attacker doesn’t even 
know they are attacking an observatory,’ 
says Von Welch, retired lead of the NSF 
Cybersecurity Center of Excellence. 

The episode is another wake-up call for 
the astronomy community, Welch and oth- 
ers say. In November 2022, a cyberattack 
forced the Atacama Large Millimeter Array 
radio telescope in Chile to go dark for nearly 
2 months. Highly collaborative research in- 
stitutions such as NOIRLab face formidable 
security challenges, Welch notes. Unlike 
private companies, for example, they can’t 
easily wall off their systems. Erect high bar- 


riers, Welch says, and “you just broke all the 


scientific workflows.” 

Despite the lack of clarity over how the 
Gemini North and NOIRLab systems were 
compromised, astronomers say the attack 
provides motivation to improve cyber- 
security practices. The astronomical com- 
munity needs to rethink how it manages 
network access, Narayan says, and under- 
stand how damaging something as simple 
as a lost password can be. 

“The strongest, most impenetrable for- 
tress in the world” won’t help astronomers 
““f you forget to lock even a single door or 
window,” says Patrick Lin, who leads an 
NSF-funded space cybersecurity grant at 
California Polytechnic State University. “The 
weakest link is often with us, the humans.” 
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To heal a fruit fly’s abdominal wound (center), some cells (pink outlines) fuse and become giants, containing many nuclei (green). 


STRESS RESPONDERS 


Polyploid cells, which have extra copies of their genomes, 
may help tissues respond to injuries and species survive cataclysms 


hen Vicki Losick got her 
Ph.D. and joined a fruit fly 
lab at the Carnegie Institu- 
tion for Science in 2008, 
its head announced that he 
expected his postdocs to 
launch new fields of inquiry. 
She chose a then-fashionable 
focus: stem cells, versatile 
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By Elizabeth Pennisi 


cells that specialize into other cell types 
and play critical roles in embryonic devel- 
opment and the renewal of adult tissues. 
Losick wondered whether they also help in 
wound repair. So, she and another postdoc, 
Don Fox, began stabbing fruit flies with a 
tiny needle, hoping to document stem cells 
coming to the rescue. 

Instead, the two postdocs, working inde- 


pendently, saw other cells near the wounds 
behaving oddly. The cells grew and pre- 
pared to divide by duplicating their DNA. 
Then they stalled, each remaining a single, 
enlarged cell with multiple copies of its ge- 
nome. “I was shocked,” recalls Losick, now 
at Boston College. 

When she and Fox looked at the fly 
wound sites a few days later, they saw signs 
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survive treatment. 


that these so-called polyploid cells, and not 
stem cells, were the major wound heal- 
ers. At the puncture site, supersize cells 
with multiple nuclei quickly closed up the 
wound. “Simultaneously we found the same 
thing [and it] had nothing to do with stem 
cells,” Fox recalls. 

Since then, the two scientists’ fascination 
with polyploid cells has only grown. Most 
plant and animal cells are diploid—their ge- 
nomes consist of two sets of chromosomes, 
one from each parent. Polyploid cells, which 
have one or more additional sets of chro- 
mosomes, were once thought to be harm- 
ful anomalies, notorious for helping drive 
cancer growth (Science, 14 February 2014, 
p. 725). But it’s now clear, Losick says, that 
polyploidy “is widespread in the fruit fly 
and I think in our body as well.’ Indeed, 
some data suggest 80% of the cells in the 
human heart are polyploid by adulthood, 
up from none at birth. 

As polyploid cells emerge as common and 
seemingly crucial, this once obscure topic 
is now bringing together cancer research- 
ers, developmental biologists, evolutionary 
biologists, cell biologists, and agricul- 
tural scientists. About 150 researchers 
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gathered in Florida in May for a meeting 
Losick helped organize, Polyploidy Across 
the Tree of Life, trading information from 
their normally siloed fields. “The amount 
of cross-interest was just mind-boggling,” 
says Shyama Nandakumar, a developmental 
biologist at the University of Pittsburgh. 

The research effort has revealed several 
genes that naturally help drive polyploidy, 
evidence that it is not just a cellular acci- 
dent. Researchers have found clues that 
polyploid cells shape the development of 
tissues from plant cells to hearts (see side- 
bar, p. 828). And they are amassing evi- 
dence that polyploid cells are an essential 
response for all sorts of tissues and organs 
coping with stress, from injuries like those 
in the fruit flies to disease and damage in 
human lungs, livers, and kidneys. Polyploid 
cells “are the stem cell alternative,’ suggests 
Fox, now at Duke University. 

Polyploidy may be a coping method not 
just for individual organisms, but for entire 
species. About 30% of plants are fully poly- 
ploid, meaning all their cells have double or 
more the number of chromosomes found in 
their ancestors. The same is true for a small 
number of animals—several salamanders, 


for example. Evolutionary biologists have 
found that polyploid organisms are often 
at a competitive disadvantage compared 
with diploid counterparts, raising questions 
about why the trait persists. By pinpointing 
when genome duplications occurred mil- 
lions of years ago, researchers are glimps- 
ing a potential answer: Polyploidy may help 
species weather catastrophic environmental 
changes. At all sorts of spatial and temporal 
scales, polyploidy is a “damage response,” 
suggests Douglas Soltis, a plant evolution- 
ary biologist at the University of Florida. 
“Tt’s the single most important evolutionary 
thing that nobody talks about.” 


FOR ALMOST A CENTURY, scientists have rec- 
ognized that polyploid cells can arise in mul- 
tiple ways (see graphic, p. 827). Sometimes 
cell division is interrupted midstream, and 
the replicated DNA gets stuck in the par- 
ent cell instead of being divided between 
daughter cells. In other scenarios, cells fuse 
to make a single cell with multiple nuclei. 
In each case, the result is bigger cells. “By 
becoming polyploid, the [cells] change their 
physical properties,” Losick says. 

The cells are sometimes harmful, help- 
ing cancers develop or persist despite 
chemotherapy and radiation. Polyploid cells 
can also damage the kidneys and liver un- 
der some conditions. But Losick and Fox 
glimpsed another role in their study of the 
fruit fly wounds. When they surveyed the 
scientific literature for similar finds, they 
learned that other groups had seen poly- 
ploid cells appear in diseased or stressed 
tissues, including in livers after the organs 
were injured. So, the pair investigated its 
fruit fly system further. They found the 
number of polyploid cells and the number 
of nuclei and genomes in individual cells 
varied depending on factors including the 
size of their wound. 

Most important, if they inhibited the 
creation of polyploid cells by tinkering 
with genes needed for chromosome dou- 
bling or cell fusion, wounds failed to heal. 
Even before the Carnegie group reported 
the finding in 2013, Wu-Min Deng, a fruit 
fly biologist at Tulane University, reported 
the same phenomenon in wounded fruit fly 
ovaries. The publications signaled “a new 
frontier in regeneration biology,” Fox says. 

Fox, Losick, and others also documented 
how the cells contribute to healing. In fruit 
flies, some of the mammoth cells quickly 
plug the space left by puncture wounds, 
and because they have multiple copies of 
various genes, they can make extra pro- 
teins that speed healing. For example, 
where the needle poke destroys muscle, 
these cells make a lot of myosin protein, 
which helps muscles contract. The extra 
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DNA of polyploid cells, Losick suggests, 
may also make them resistant to injury- 
induced DNA damage from inflammation 
that would cause a normal diploid cell to 
die, bogging down recovery. 

A similar process unfolds in mouse kid- 
neys injured by toxins and in human kidneys 
subjected to dehydration, trauma, infec- 
tion or other stresses. At the May meeting, 
University of Florence cell biologist Letizia 
De Chiara reported that she and Florence 
nephrologist Paola Romagnani observed 
new, big polyploid cells quickly engulfing 
injured areas, restoring kidney function in 
the mice. She and colleagues also looked at 
kidney biopsies of people in whom the or- 
gan was gradually failing. Many polyploid 
cells filled those kidneys. In people who 


had recovered from acute kidney injury, the 
number of such cells declined over time, she 
reported at the meeting. 

Once its damage control work is done, 
polyploidy has to shut down because the 
accumulation of these supersize cells can 
be harmful. The Florence team reported 
last year, for example, that they can lead 
to scarring and chronic kidney failure. But 
Losick’s graduate student Loiselle Gonzalez 
has found that certain kinds of scarring it- 
self can help control their numbers. When 
she interrupted scarring in wounded flies, 
polyploid cells continued to form and their 
wounds never fully closed up, she reported 
at the May meeting. “Scarlike tissues, in- 
cluding fibrosis, may be necessary to con- 
strict polyploidy,” Losick says. 


Losick has identified a protein that helps 
control polyploidy in fruit flies: the fly 
equivalent of a mammalian molecule called 
YAP1, for yesl associated transcriptional 
regulator. YAP1 was known to help regulate 
genes that control organ size. It also turns 
out to stimulate polyploidy in insect wound 
healing, and to curb the process when its 
activity falls. The Florence team found YAP1 
has the same role in mouse kidneys. “It was 
amazing that we were seeing very similar 
things, in the Drosophila [abdomen] and in 
the mammalian kidney,’ Romagnani says. 

The mouse studies suggest that inhib- 
iting YAP1 at the right time might make 
damaged kidneys less likely to develop 
harmful scarring, De Chiara says. She and 
her colleagues are investigating this pos- 


Chromosomes gone wild 


Cells in most species have two matching sets of a well-defined number (N) of chromosomes. But several processes can endow normally 2N cells with extra sets. 
The condition, known as polyploidy, can change cells’ appearance, give them new properties, and sometimes lead to new species. 
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When a cell begins to divide, each 
hromosome duplicates, forming linked 
hromatids. They normally split and 
eparate into two cells. But sometimes 
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Sometimes a cell starts to replicate 
and new nuclei form, each with a 
normal chromosome complement, but 
the cell fails to divide. Each nucleus 


Cells in trouble can save themselves 
by fusing, resulting in a larger cell 
with multiple chromosome sets. 
The resulting polyploidy can protect 


Reproductive cells, or gametes, 
sometimes have 2N instead of the 
usual N chromosomes. Especially 
in plants, 2N gametes from the 
same or different species can fuse 
and form new species. 
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Outcomes of polyploidy 


More capable cells 
The extra DNA that swells polyploid 
cells also spurs protein production 
and metabolic activity. 


Original size 


s-@ 


SCIENCE science.org 


Enlarged cell 


Original chromosomes 


i — Sti 


8N cell 


Genome shock 

Additional chromosome sets can perturb, or shock, 
DNA replication, leading to aneuploidy—extra, missing, 
or rearranged chromosomes. 
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more regulatory connections to other genes, fine-tuning 
the cell's gene activity. 
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How bulked-up cells shape hearts and leaves 


iant cells filled with extra chro- 

mosomes may deserve credit for 

a pleasurable springtime sight: 

green buds unfurling to reveal bril- 

liant blossoms. Similar so-called 
polyploid cells appear to help tissues and 
even whole organisms recover from injury 
and handle other types of stress (see 
main story, p. 825). But there’s increas- 
ing evidence that these cells, which have 
more than the two sets of chromosomes 
found in ordinary diploid cells, are also 
an essential part of development in both 
plants and animals, their large size help- 
ing sculpt flowers, leaves, and even the 
developing heart. 

Plant biologists have long known that 
sepals, the modified leaves that surround 
a developing flower, contain some of 
these giant cells. A decade ago, Cornell 
University’s Adrienne Roeder showed that 
a precise number of polyploid cells is key 
to proper flowering. By mutating genes 
that control polyploidy in the mustardlike 
plant Arabidopsis thaliana, she and her 
team discovered that if the sepal had too 
few polyploid cells, it was stiff and upright 
and blooming was impeded. Too many 
such cells caused the sepals to splay and 
expose the petals prematurely. “You need 
just the right amount [of polyploidy] to 
get the right amount of curvature,” says 
Don Fox, a developmental biologist at 
Duke University. 

More recent work has unearthed a key 
molecular signal driving polyploidy in 
sepals. Roeder and her postdoc Batthula 
Vijaya Lakshmi Vadde discovered that 
normal, diploid cells turn into polyploid 
versions when a protein, ATML1, kick- 
starts the process, in part by stimulating 


the production of certain fatty acids, And 
Roeder’s graduate student Frances Clark 
has found that polyploidy, spurred by 
the same molecular signals, also shapes 
ordinary leaves. In Arabidopsis, the first 
giant cells develop at a leaf’s tip when it 
is about 1 week old. Then more such cells 
appear ever closer to the leaf base, form- 
ing on both the top and bottom of the leaf, 
Clark reported. When plants are engi- 
neered to produce more polyploid giant 
cells, the leaf becomes more oblong. 

Meanwhile, Fox’s postdoc Archan 
Chakraborty has found that the tube- 
shaped heart of the fruit fly Drosophila 
is rich in polyploid cells. During develop- 
ment cells in the larger, rear part of the 
heart become more polyploid—with 
more sets of chromosomes—and bigger 
than those in the front part. Chakraborty 
suspected the outsize cells help bulk up 
that part of the fly’s heart, the equivalent 
of the human heart's muscular ventricles. 
To test the idea, he reduced flies’ levels 
of insulin, which lowered the number of 
polyploid cells in the heart. The result: 
The flies entered the equivalent of heart 
failure, he reported at a May meeting and 
on 1 August in Development. 

By examining donated human hearts, 
Fox and Chakraborty have shown that 
ventricles are also more sensitive to 
insulin and the cells there have more 
sets of chromosomes than cells in the 
atria, the heart’s smaller chambers. 

To Wu-Min Deng, a fruit fly biologist at 
Tulane University, the finding suggests 
that people, too, may owe their healthy 
hearts to overstuffed cells. “A conserved 
mechanism may exist in human heart 
development,” he says. —E.P. 


In young Arabidopsis leaves treated to develop more polyploidy, many cells (green outlines) become 


supersize and contain extra-large nuclei (blue). 
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sibility in animal models. Several biotech 
companies are developing drugs that tar- 
get the YAP1 pathway for other purposes, 
and they might also help defend against 
the downsides of polyploidy. 

Drugs targeting polyploid cells might 
also help counter one of their most destruc- 
tive effects: their ability to help cancer cells 
withstand the stresses of treatment. In most 
tumors, at least a few cells transform into 
nondividing polyploid giant cells, whose ex- 
tra genetic material makes them resistant 
to chemotherapy or radiation. These cells 
also seem to have physical properties— 
increased motility and elasticity—that im- 
prove their ability to leave the tumor site 
and colonize other parts of the body, re- 
searchers from the Johns Hopkins Univer- 
sity School of Medicine reported last year 
on bioRxiv. 

Another Hopkins team found a multi- 
protein complex that seems to play a key 
role in the cells’ resilience. When they in- 
hibited one component of the complex, a 
protein called CDKQ, in the polyploid cells, 
the cells no longer survived exposure to 
anticancer drug—suggesting a tempting « 
vulnerability in drug resistant cancers, they 
reported at the meeting. 


IF POLYPLOID CELLS are welcome short- 
term visitors in damaged or stressed tissues 
but a menace when they linger in cancers, 
why does polyploidy persist for many 
generations—and in nearly every cell— 
in some species including crops such as 
wheat, strawberries, and sugar cane? 

In most of these species’ past, two or 
more relatives interbred, and their ge- 
nomes joined forces instead of reverting 
to a diploid. Sometimes these joined ge- 
nomes duplicated yet again—wheat has six « 
sets of chromosomes; strawberries have 
eight. The multiple copies of key genes for 
growth and nutrients can result in denser 
heads of grain, bigger fruit, and taller, 
sweeter stalks. 

Those traits may delight human consum- 
ers, but for plants, “many, if not most, whole 
genome duplications are actually mal- 
adaptive,” says Yves Van de Peer, an evo- 
lutionary biologist at Ghent University. 
Polyploid plants need more nutrients, for 
example, and seem to grow slower than 
their diploid counterparts. Yet the trait per- 
sists, and Van de Peer believes the answer, 
again, comes down to coping with stress. 

He and his colleagues began to pin down 
when wild plant species’ genomes dupli- 
cated to see whether there was any pattern. 
They found many of these duplications oc- 
curred about 66 million years ago, right 
around when an asteroid hit Earth and 
caused a mass extinction. The trend held up 
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in a further analysis of dozens more plant 
genomes, which revealed additional waves 
of whole genome duplication during peri- 
ods of climate change or glaciation. 

“T was kind of skeptical at first [about Van 
de Peer’s idea],” Soltis says. “But it contin- 
ues to stand the test of time.” Van de Peer’s 
team found, for example, that some species 
of Arabidopsis, a genus often used in plant 
biology studies, became polyploid during 
cold spells over the past 2 million years. 
In 2019, Harvard University evolutionary 
biologist Charles Davis concluded that a 
group of tropical flowering plants called 
Malpighiales underwent whole-genome 
duplications during an intense warming 
period 50 million years ago. Today they 
comprise some 16,000 species, suggesting 
the polyploidy has helped more than hurt. 

Van de Peer now believes the increased 
genetic flexibility provided by multiple 
genomes lets polyploids make quick ad- 
justments to new stresses and ride out 
catastrophic events that wipe out most 
normal plants and animals. The pattern 
of whole genome duplications “suggests a 
short-term, perhaps even immediate, evo- 
lutionary advantage for polyploids,” Van de 
Peer says. 

At the meeting, he offered computer 
modeling and experimental results that 
back up that idea. His team created 
swarms of digital organisms, endowed 
with “genes” that activate, say, virtual 
wheels and make the organism move right, 
go a certain speed, or avoid or approach 
other organisms. 

In some swarms, individuals had one 
copy of a “genome” and in others, two. To 
test the fitness of the two types, Van de Peer 
assessed how well the individuals move 
along a grid to find digital “food.” Those 
with one genome did much better until the 
researchers made food scarce. “Then the 
polyploids started to show more extreme be- 
havior,’ Van de Peer says. They took bigger 
steps, found more food, and even worked 
together to prey on their competitors. Even- 
tually the one-genome swarm went extinct. 
The work “confirms that under a stressful 
environment, having a duplicated genome 
was a good thing,” he reported in 2019 in 
PLOS ONE. 

“The fact that they can outcompete the 
diploid versions is kind of a remarkable 
experiment,” Soltis says. “There’s definitely 
something going on.” 

Now, Van de Peer believes he knows 
what. The genes in the simulation formed 
interacting networks, and Van de Peer 
found that in the organisms with double 
the genes, the networks wound up with 
many more connections. They made it 
possible for the organisms to move faster, 
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jump farther, and make unexpected moves 
or interact with other organisms in more 
complex ways. 

Something similar is likely to happen 
in living organisms, he and others believe. 
“Because you have more chromosomes, you 
have more knobs to turn to fine-tune the 
dosage of genes relative to each other,” 
Fox explains. That leads to more of certain 
proteins and less of others and can change 
the organism’s behavior, physiology, or 
chemistry. Polyploid species “are primed to 
adapt to whatever the environment throws 
at them,” Losick adds. 

Much of that fine-tuning might not be 
needed for, say, a stable environment in 
which the diploid organism is already well 
adapted. But when the dinosaur-killing 
asteroid hit, darkening Earth with smoke 


duckweeds from different generations and 
assess their gene activity to see how gene 
regulatory networks might differ between 
the polyploids and diploids. 

Tia-Lynn Ashman and Martin Turcotte, 
evolutionary ecologists at the University 
of Pittsburgh, have also studied polyploidy 
in duckweed populations. The polyploid 
plants tended to grow more slowly and 
reached smaller population sizes than their 
diploid counterparts. But they supported 
a more diverse ecosystem of microbes, 
Ashman reported at the meeting. 

That could be another beneficial con- 
sequence of polyploidy. Increasingly, 
researchers are recognizing that an or- 
ganism’s microbiome helps it survive, so 
a more diverse roster of microbial guests 
may enable the host to digest more kinds 


When duckweed is forced to become polyploid, its cells, and consequently its leaves, become much bigger 


(right) than normal (left). 


from wildfires, polyploids may have had 
the versatility to survive, Van de Peer pro- 
poses. “Usually, whole-genome duplication 
is an evolutionary dead end,” he concludes. 
“But if they occur at the right time, they 
can create evolutionary opportunities.” 

To test the idea, Van de Peer and col- 
leagues have turned to a small aquatic 
plant called greater duckweed (Spiro- 
dela polyrhiza). They induce polyploidy 
in some individuals by exposing them to 
a chemical that interrupts cell division. 
The researchers then grow the diploid and 
polyploid versions side by side to track 
how they cope with stresses such as high 
salinity or large concentrations of heavy 
metals. The polyploid plants proved more 
resilient, he reported at the May meet- 
ing. Soon, his team will start to sequence 


of food or enhance resilience in other ways. : 
The increased diversity “could provide 
a mechanism for the broader ecological 
range of polyploids seen at the global 
scale,” Ashman suggests. 

What is certain is the polyploid cells, far 
from being abnormal, are one of life’s major 
mechanisms for coping with the stresses of 
injury, disease, and a hostile environment. At 
the meeting, “There was the increasing re- 
alization that whole-genome doubling does 
not simply double everything in the cell— 
rather we are seeing unique biology,” says 
Pamela Soltis, a plant evolutionary biologist 
at the Florida Museum of Natural History. 

That realization pleases Losick, who re- 
calls the high expectations of her postdoc 
adviser. “I feel proud,” she says—“excited to 
be part of this new field.” = 
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Forest carbon offsets are failing 


Analysis reveals emission reductions from forest conservation have been overestimated 


By Julia P. G. Jones!” and Simon L. Lewis?* 


onserving tropical forests is of utmost 
importance for the future of human- 
ity and biodiversity. Changes in land 
use, mostly deforestation in the trop- 
ics, emit 5 billion metric tons of car- 
bon dioxide annually—second only to 
fossil fuel use, which emits 35 billion tons 
(1). Reducing emissions to net zero is nec- 
essary to stabilize global temperatures (2). 
One controversial approach to tackle fossil- 
fuel emissions from private companies, 
individuals, and governments has been to 
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“offset” them by investing in projects to ei- 
ther stop emissions that would have other- 
wise occurred, such as by reducing defor- 
estation, or by investing in carbon uptake 
projects, such as forest restoration. On page 
873 of this issue, West et al. (3) show that 
offsetting through paying projects to reduce 
emissions by conserving tropical forests is 
not reducing deforestation as claimed and 
is worsening climate change. 

West et al. studied 26 projects spanning 
six countries across three continents. These 
projects issued REDD+ (Reducing Emissions 
from Deforestation and Degradation) credits 
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to the voluntary carbon market. Each credit 
equates to 1 metric ton of carbon dioxide that 
has not been emitted because of the existence 
of the project, which conducts activities to 
lower deforestation in the project area. The 
credits studied by West et al. were issued un- 
der the Verified Carbon Standard, the largest 
crediting program in the voluntary carbon 
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market for forestry and land-use, with an esti- 
mated global value of $1.3 billion USD. 

West et al. found that most projects did 
not substantially reduce deforestation, and 
the few that did, reduced it much less than 
had been claimed. Furthermore, for a sub- 
set of 18 projects for which publicly avail- 
able information was available, the credits 
have been used to offset almost three times 
more carbon dioxide emissions than were 
avoided by the projects. A further 47 million 
misleading credits exist and may be sold as 
“offsets” in the future. 

West et al. used synthetic control meth- 
ods (4) to robustly estimate how much the 
REDD+ projects reduced deforestation. They 
compared this with the predictions made by 
using the Verified Carbon Standard methods, 
which is the basis on which the number of 
credits was sold. Measuring deforestation is 
relatively straightforward with satellite tech- 
nology; however, calculating the extent to 
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Illegal deforestation takes place within the Serrania 
de la Macarena National Natural Park in Colombia, 
one of the countries where carbon offsetting projects 
are failing to conserve tropical forests. 


which REDD+ projects have decreased de- 
forestation is more complicated. It relies on 
estimating a counterfactual (5): how much 
deforestation would have occurred in the ab- 
sence of the project. 

For each REDD+ project, West et al. iden- 
tified a set of potential control areas of a 
similar size and characteristics as those of 
the project area and constructed a synthetic 
control. This is a weighted average of poten- 
tial controls, chosen to be as similar as possi- 
ble compared with the project area in terms 
of both predictors of deforestation and, 
crucially, in trends in deforestation before 
the project started. The projects’ outcome is 
calculated as the difference in deforestation 
between the synthetic REDD+ project con- 
trol and the actual REDD+ project, during 
the years the project was active. As well as 
calculating the effect of individual projects 
on deforestation, they also estimate the av- 
erage effect for all the projects in a country 
or region and vary how they select potential 
controls. These extensive robustness checks 
provide additional confidence in the results. 

Why have the methods used by REDD+ 
projects failed to produce credible es- 
timates of avoided deforestation? The 
Verified Carbon Standard provides flex- 
ibility in how projects estimate a baseline 
(usually calculated from the extrapolation 
of historical deforestation) against which 
deforestation in REDD+ projects is com- 
pared and credits are issued. West et al. 
note that this flexibility, together with a 
tendency to locate projects in areas with 
low background deforestation (6), has re- 
sulted in a situation in which projects pre- 
dict higher deforestation than in practice 
would have occurred in the project area. 
This makes REDD+ projects appear more 
successful at reducing deforestation than 
they were, and thus more lucrative. 

The implications of West et al’s findings are 
far reaching. Misleading offsets carry negative 
consequences for the climate because they are 
not offsetting the emissions released, for for- 
est conservation because they are not reduc- 
ing deforestation as much as claimed, and for 
the future finance of forest conservation be- 
cause the reputational risks of being tainted 
by accusations of greenwash (misleading or 
deceptive environmental claims) may deter 
future investments (7). Because of the im- 
portance of nature-based solutions to stabi- 
lizing the climate—for example, by reducing 
tropical deforestation (8)—the conclusions 
of West et al. have serious consequences for 
global temperatures. 


Some argue that offsets that use avoided 
emissions are a flawed approach to tack- 
ling the climate crisis (9) because balanc- 
ing fossil-fuel emissions with those from 
land-use change does not achieve the cuts 
needed to stabilize the climate system (JO). 
Furthermore, offsetting reinforces global in- 
equalities because high-income individuals 
and companies continue to pollute, whereas 
low-income individuals and countries bear 
the costs associated with reducing emissions. 

Regarding the credibility of the volun- 
tary carbon market, the study of West et 
al. shows that major changes are needed 
in how credits are calculated. Yet this 
alone will not protect tropical forests. 
Deforestation is primarily driven by de- 
mand for land to produce agricultural 
commodities (17). This demand can be re- 
duced by reducing food waste from farm 
to fork, increasing yields on existing agri- 
cultural lands, and reducing demand for 
meat and dairy by high consuming groups, 
because animal-produced food uses land 
inefficiently (12). Companies would also 
need to be regulated to ensure deforesta- 
tion-free commodity supply chains (73). « 
Additionally, countries and communi- 
ties will require income from land that 
remains forested, rather than being used 
for agriculture, which will need to come . 
from both private and public sources. 
With a concerted effort, it should be pos- 
sible to halt tropical deforestation and its 
concomitant carbon emissions. Regardless 
of future developments in policy, indepen- 
dent tests of carbon accounting methods 
will be needed to evaluate the efficacy of 
approaches to forest conservation, as West 
et al. clearly demonstrate. 
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Good vibrations 


The role of a mechanosensitive ion channel 


in sexual behavior is unveiled 


By Arlene J. George and Victoria E. Abraira 


exual reproduction is essential for 

the survival of most species and is 

the principal driver of animal be- 

havior and evolution. Mammals 

evolved to have elaborate mating 

rituals that involve visual, auditory, 
and olfactory displays. One of the most im- 
portant elements of mating and copulation 
is touch, and for many humans, vibration 
too. Piezo-type mechanosensitive 
ion channel component 2 (PIEZO2) 
is a fundamental transducer of 
touch and vibration for the sensory 
neurons that innervate the skin. 
Although there is considerable 
literature on the role of PIEZO2 
in various bodily functions, less 
is known about its role in genital 
touch. On page 906 of this issue, 
Lam et al. (1) reveal the necessity of 


ter the spinal cord, where touch informa- 
tion is organized, processed, and relayed to 
the brain. The genitalia are innervated by 
mechanoreceptors, but they have a higher 
density of free nerve endings, which are un- 
myelinated pain receptors that carry touch 
information through C-fibers (4). 

Using calibrated filaments of graded stiff- 
ness, Lam et al. found that perineal or sub- 
genital stimulation predominately activates 
LTMRs, with ~60% of them responding 


Detecting sexual touch 
Touch in the genital area mechanically opens piezo-type mechano- 
sensitive ion channel component 2 (PIEZO2) receptors in lanceolate and 
circumferential nerve endings surrounding hair follicles, which allows 
ions to flood into the neuron. This influx of ions causes an electrical pulse 
to be sent through low-threshold mechanoreceptors to the dorsal 

horn of the spinal cord. This signal induces a pleasurable sensation 
when it reaches the brains of mice. 


vating the different subregions projecte ie 
distinct parts of the dorsal horn of the'spi-— 
nal cord. Furthermore, the authors showed 
that the perineum is innervated by LTMRs 
that have specialized endings wrapped 
around hair follicles. 

PIEZO1 and PIEZO2 are mechanosensitive 
ion channels that are enriched in somato- 
sensory neurons and evolutionarily con- 
served across invertebrates and vertebrates 
(5). PIEZO2 is usually in a closed state and 
opens in response to mechanical stimula- 
tion. It has a role in light-touch sensation 
by sensory neurons and is expressed within 
mechanoreceptors such as Merkel’s discs 
where it translates the mechanical stretch 
of skin into electrical impulses sent to the 
brain. Lam et al. parsed out PIEZO2’s func- 
tion using a mouse model with Piezo2 dele- 
tion from the neck down (Piezo2"°**’ mice). 
The withdrawal response to perineal 
mechanical stimulation was lost 
in these mice, even with the high- 
est force tested; the touch-induced 
erection reflex was also impaired. 
However, the response of Piezo2#™>s 
mice to painful pin-prick stimuli to 
the perineum was not different from 
that of normal littermates. Thus, 
PIEZO2 is important for triggering 
behavioral responses to gentle peri- .« 


PIEZO2 for sexual touch and copu- 
lation in mice and humans. Their 
results both illustrate how sensory 
neurons in the genital sub-regions 
can detect gentle stimuli that pro- 
mote sexual response, and suggest 
possible therapeutic targets for 
sexual dysfunction. 

Touch is processed through 


Cell membrane 


ac 


PIEZO2 closed 
i 


neal touch in mice (see the figure). 
To understand the type of LTIMR 
fibers involved, the authors also gen- 
erated a mouse model with Piezo2 
removed from pain receptors only 
(Piezo2°""" mice) and found that 
they had large erection reflex deficits 
similar to those of Piezo2®™**® mice. 
Sodium channel protein type 10 sub- 


mechanoreceptors, which are sen- 
sory neurons that are embedded in 
the skin (2). These sensory neurons 
comprise high-threshold mechano- 
receptors (HTMRs), which are ex- 
cited by painful touch stimuli, and 
low-threshold mechanoreceptors 
(LTMRs), which mediate sensation 
of innocuous or soft touch. LTMRs 
transmit touch information through 
AB-, Ad-, and C-fibers. AB- and A6- 
LTMRs are fast-conducting fibers 
that innervate specialized endings in the 
skin, including hair follicles, that allow the 
differentiation of textures, and sense vibra- 
tion. C-fibers are unmyelinated and slow- 
conducting, and C-tactile fibers are thought 
to transmit pleasurable social touch (3). The 
cell bodies of HTMRs and LTMRs reside in 
the dorsal root ganglia and their axons en- 
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Spinal cord 


to gentle stimuli in both male and female 
mice. By contrast, few HTMRs responded to 
even the stiffest fibers. To provide a better 
understanding of the anatomy of the peri- 
neal circuit, the authors used viral tracers 
injected into genital subregions: perineum, 
prepuce, male glans, and vaginal opening. 
They found non-overlapping labeling of 
neurons in sacral dorsal root ganglia, indi- 
cating that each subregion was innervated 
by a distinct group of neurons. These trac- 
ing studies also showed that neurons inner- 


Lateral dorsal horn 


unit a (Scn10a)—a marker for pain 
receptors—and PIEZO2 were co-ex- 
pressed with a C-tactile fiber marker 
in the sacral ganglia, which indicates 
that perineal C-tactile fibers regulate 
the erection reflex. Piezo2%* and 
Piezo2%"« males were not able to 
successfully mate despite displaying ~ 
normal sexual motivation. Piezo2!””* 
females did not display proper recep- 
tive behavior, preventing successful 
mating and indicating that PIEZO2- 
dependent input is essential for mating in 
males and females. 

Sexual function and reproduction are 
dependent on the integrity of the hypotha- 
lamic-pituitary-gonadal axis, which controls 
reproductive behavior through the secretion 
of hormones by tightly regulated neural net- 
works, resulting in the production and re- 
lease of follicle-stimulating hormone, testos- 
terone, and estrogens from the gonads (6). 
In particular, oxytocinergic neurons in the 
hypothalamus project to other areas of the 
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brain and the spinal cord and are necessary 
for penile erection and copulatory behavior 
(7). Many years of research have suggested 
that hormones, specifically testosterone, 
are the primary driver of copulatory suc- 
cess. However, Lam et al. did not find differ- 
ences in testosterone or follicle-stimulating 
hormone expression or changes in female 
estrous cyclicity in the Piezo2 mutant mice, 
indicating that PIEZO2-based touch activa- 
tion for sexual behavior does not involve hy- 
pothalamic activation or sex hormones. 

Because Piezo2 is conserved across verte- 
brates, understanding its function in sexual 
behavior could have clinical relevance. Lam 
et al. performed clinical evaluations in indi- 
viduals with PIEZO2-deficiency syndrome, 
which is a rare condition that results from 
mutations in the PIEZO2 gene. PIEZO2 is ex- 
pressed in many different types of tissues and 
therefore mutations in the gene can cause an 
array of symptoms including body position 
and joint dysfunction, scoliosis, hip dyspla- 
sia, and muscular atrophy with perinatal re- 
spiratory distress (8). Lam et al. found that 
individuals with loss of PIEZO2 had a lack 
of proprioception, absent vibration sensing, 
elevated touch threshold, and scoliosis but 
normal puberty (an indication of normal hy- 
pothalamic function), which is comparable 
with the clinical literature (8). Individuals 
with PIEZO2-deficiency were sexually active 
and able to become aroused but did not re- 
spond to gentle genital stimulation, which is 
consistent with the Piezo2"*’* mouse model. 
Although there are no pharmacological 
treatments to compensate for PIEZO2 de- 
ficiency, understanding the function of this 
ion channel could inform future approaches 
to treating sexual dysfunction. 

Other avenues for future work include 
determining whether the PIEZO2 sensory 
pathway is sufficient for sexual function and 
which sensory neuron subtypes are involved 
in this spinal circuit. It is also not clear 
which sensory endings in the genitalia sense 
vibrational touch, which was absent in indi- 
viduals with PIEZO2 deficiency syndrome. 
Future studies in mice are needed to parse 
out the PIEZO2 circuit of sexual touch and 
how peripheral perigenital sensation is rep- 
resented in the spinal cord and brain. 
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Thin jets underlie the solar wind 


Solar Orbiter images reveal widespread magnetic plasma 
jets at the roots of the solar wind 


By Ignacio Ugarte-Urra and Yi-Ming Wang 


he Solar Orbiter spacecraft was 
launched in 2020 by the European 
Space Agency to study how solar ac- 
tivity drives changes in the inner part 
of the heliosphere, the region that ex- 
tends from the Sun to the surrounding 
interstellar medium. The Solar Orbiter is fit- 
ted with a suite of in situ and remote-sensing 
instruments that allow measurement of the 
properties of the particles and magnetic field 
traversed by the spacecraft while simultane- 
ously observing the magnetic and radiative 
sources at the Sun. On page 867 of this issue, 
Chitta et al. (1) present observations by the 
Extreme Ultraviolet Imager (EUI) instrument 
that identify widespread collimated outflows 
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Jets at the Sun’s poles 


(jets) at the base of the solar wind that sug- 
gest the ubiquitous small-scale dissipation of 
magnetic energy. The solar wind, a continu- 
ous stream of charged particles flowing out- 
ward from the Sun, is an important compo- 
nent of space weather that influences Earth’s 
magnetic environment. 

Solar wind was described in the 1950s as 
“solar corpuscular radiation” [(2), p. 274] 
and identified through its interaction with 
the ion tails of comets. In 1958, astrophysi- 
cist Eugene Parker proposed that the ther- 
mal pressure gradients associated with the 
Sun’s million-degree outer atmosphere or 
“corona” would cause it to continually ex- 
pand outward, resulting in the solar wind 
(3). This prediction was subsequently con- 
firmed by NASA’s Mariner 2 mission (4). 
The exact processes involved in generating 
and accelerating the solar wind have been 
debated ever since. The proposed mecha- 
nisms have generally fallen into two catego- 


The polar observations by the Extreme Ultraviolet Imager instrument on the Solar Orbiter spacecraft 
reveal plasma ejections (jets) that permeate coronal holes (areas of open magnetic fields). Jets arise from 
regions of magnetic reconnection. This reconfiguration of the magnetic fields also generates heat, Alfvén 
waves, and mass upflows that, together with the jets, provide energy and momentum to the solar wind. 
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ries (5): those that involve magnetic field 
reconnection, a reconfiguration of the Sun’s 
field that releases its built-up stresses; and 
those that involve the dissipation of energy 
from magnetohydrodynamic waves, which 
are pervasive oscillations in the coronal 
magnetic field. 

The EUI takes advantage of the highly el- 
liptical orbit of the Solar Orbiter and a peri- 
helion approach of 0.28 astronomical units 
(Earth-Sun distance) to record some of the 
highest-resolution images of the corona to 
date. Chitta et al.’s analysis of 200-km-resolu- 
tion observations of the Sun’s south pole has 
unveiled faint widespread and frequent jets 
of coronal plasma that may contribute sub- 
stantially to the solar wind energy flux. These 
narrow plasma ejections, a few hundred ki- 
lometers across, originate from sites where 
magnetic reconnection is observed (6). They 
are a signature of “interchange” reconnec- 
tion between the open magnetic field lines, 
which extend outward into the heliosphere, 
and small closed fields that connect back to 
the surface (see the figure). This rearrange- 
ment of the magnetic field, which is driven by 
convective motions at the surface, converts 
magnetic energy into plasma outflows, mag- 
netohydrodynamic waves, and heat. 

With the steadily improving sensitiv- 
ity and spatial resolution of extreme ul- 
traviolet (EUV) instruments such as the 
Atmospheric Imaging Assembly (AIA) on 
the Solar Dynamics Observatory (7), the 
Solar Ultraviolet Imager (SUVI) on the 
Geostationary Operational Environmental 
Satellite R series (GOES-R) (6), and now EUI 
on the Solar Orbiter, it is clear that coronal 
holes, or areas of open magnetic fields, are 
permeated by these narrow jets, which have 
temperatures close to 1 MK. This does not 
necessarily mean that the solar wind is sim- 
ply a collection of jets; the underlying mag- 
netic reconnection events may also heat the 
top of the dense chromosphere below the 
corona and evaporate material to supply the 
bulk of the solar wind mass flux. 

The reconnection and magnetohydrody- 
namic wave scenarios for solar wind energi- 
zation are not mutually exclusive. The small- 
scale reconnection events that produce the 
observed jets will also generate Alfvén waves, 
which are transverse oscillations of the mag- 
netic field. The solar wind from the interiors 
of coronal holes reaches speeds of 600 to 800 
km/s, exceeding the speed of a typical jet 
(100 km/s), which is also much less than the 
escape velocity (the speed required to over- 
come a body’s gravitational pull) at the Sun’s 
surface (620 km/s). To achieve high speeds, 
energy must be deposited up to and beyond 
the point where the wind velocities become 
supersonic, which is typically at distances of 
2 to 3 solar radii from the Sun’s center. The 
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outward-propagating Alfvén waves provide a 
way of transmitting energy to the outer co- 
rona. Numerical models show that if some of 
the waves are reflected, interactions between 
incoming and outgoing waves will result in 
the deposition of energy and momentum into 
the solar wind (4). 

At heliocentric distances beyond 10 solar 
radii, NASA’s Parker Solar Probe (launched 
in 2018) measured velocity spikes and tem- 
porary reversals in the magnetic field (8), 
called switchbacks. It has been proposed 
that these small-scale field reversals are in- 
jected at the underlying reconnection sites 
(9) or, alternatively, that they develop as the 
Alfvén waves propagate outward and evolve 
into a turbulent state (70). The jetting activ- 
ity described by Chitta et al. shows that in- 
terchange reconnection is heating the base 
of the corona and helping to drive the solar 
wind mass flux. A remaining puzzle is that 
these reconnection events require small 
closed magnetic fields and thus the pres- 
ence of small-scale fields of opposite polar- 
ity to that of the open field lines. Magnetic 
measurements show very little opposite- 
polarity flux at the feet of the open field 
lines (17). This “missing” flux may eventu- 
ally be detected using magnetographs with 
improved sensitivity, such as those now 
coming into operation at Big Bear Solar 
Observatory in Big Bear, California, and the 
Daniel K. Inouye Solar Telescope in Maui, 
Hawaii, the world’s largest solar telescope. 

Fast-cadence, high-resolution spectros- 
copy with comprehensive temperature cov- 
erage will also be key to understanding the 
fundamental heating processes and the 
transfer of mass from the chromosphere into 
the corona. Moreover, it will be important to 
resolve the accompanying wave motions and 
to determine whether the elemental compo- 
sition at the base matches the in situ mea- 
surements in the solar wind. The upcoming 
Japan Aerospace Exploration Agency and 
NASA spectroscopic missions, Solar-C EUV 
High-throughput Spectroscopic ‘Telescope 
(EUVST) and Multi-Slit Solar Explorer 
(MUSE), respectively, promise to provide a 
definitive battery of diagnostics to peer into 
the roots of the solar wind. 


REFERENCES AND NOTES 


L.P. Chitta et al., Science 381, 867 (2023). 

L. Biermann, Z. Astrophys. 29, 274 (1951). 

E.N. Parker, Astrophys. J.128, 664 (1958). 

. T.|.Gombosiet al, Living Rev. Sol. Phys.15, 4 (2018). 
. S.R. Cranmer, A. R.Winebarger, Annu. Rev. Astron. 
Astrophys. 57,157 (2019). 

N.-E. Raouafiet al., Astrophys. J.945, 28 (2023). 
H. Tian et al., Astrophys. J. 736, 130 (2011). 

D. Bale et al., Astrophys. J. 923, 174 (2021). 

. J.F. Drake et al., Astron. Astrophys. 650, A2 (2021). 
. J. Squire et al., Astrophys. J. Lett. 891, L2 (2020). 

. Y.-M.Wang, Astrophys. J.904, 199 (2020). 


ND ARWNHr 


es 
FH Owoc 


10.1126/science.adj8002 


CELL BIOLOGY 


Catching 
proteins for 
degradation 


A ubiquitin-independent 
pathway targets nuclear 
proteins to the proteasome 


By Charlotte M. Schilling and Eilika Weber-Ban 


he breakdown of specific proteins at 

precise times affords control over cru- 

cial cellular processes. The molecular 

machine carrying out this degradation 

in eukaryotes is the 26S proteasome 

(1). Ubiquitin ligases provide selectiv- 
ity by attaching the small protein ubiqui- 
tin to specific proteins, thus marking them 
for destruction by the 26S proteasome (J). 
Ubiquitin-independent recruitment to the 
26S proteasome exists, but the processes in- 
volved are less understood and comparatively 
understudied. On page 849 of this issue, Gu 
et al. (2) report a ubiquitin-independent 
mechanism for targeting important nuclear 
proteins for proteasomal degradation. At the 
center of this pathway is a recruiter protein 
called midnolin that captures substrates with 
its Catch domain. The discovery suggests that 
ubiquitin-independent proteasomal degrada- 
tion could be the preferred degradation route 
for a specific set of substrates. 

Immediate early genes (IEGs) are rap- 
idly and transiently expressed in many cells 
in response to extracellular stimuli (3). The 
proteins encoded by IEGs are localized to the 
nucleus because their primary function is to 
regulate the expression of other genes. The 
transient presence of IEG proteins is crucial 
for processes such as synaptic plasticity in 
neurons or the responses of immune cells; 
however, the mechanisms controlling their 
degradation are poorly understood. 

Gu et al. used a protein stability reporter 
system to assess the stability against degra- 
dation of two well-characterized IEG pro- 
teins in cultured human cells. They carried 
out a genome-wide loss-of-function screen 
to identify genes that affect the amounts of 
the two reporter IEG proteins. The gene that, 
when disrupted, led to the strongest increase 
in their levels, encodes the nuclear protein 
midnolin (4). Subsequent experiments con- 
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firmed that IEG proteins accumulated in 
cells (including neural and immune cells) 
mutated to be deficient in midnolin, whereas 
overexpression of midnolin led to IEG pro- 
tein depletion. Treatment of midnolin-over- 
expressing cells with a proteasome inhibitor 
also led to accumulation of IEG proteins, 
but inhibition of ubiquitination did not have 
this effect. IEG protein degradation thus 
depended on both midnolin and the protea- 
some but not on ubiquitination. 

These findings are consistent with a report 
that the fruit fly (Drosophila melanogaster) 
ortholog of midnolin, Stuxnet, binds the sub- 
unit Polycomb of the Polycomb repressive 
complex 1 (an epigenetic repressor) (5) and 
mediates the ubiquitin-independent protea- 


long C-terminal a helix (aHelixC). Although 
all three domains were required for IEG 
protein degradation, coimmunoprecipita- 
tion experiments revealed that client binding 
occurs through the Catch domain, and as- 
sociation with the 26S proteasome depends 
on the aHelixC but not on the ubiquitin-like 
domain. The latter finding is unexpected 
because shuttle factors—such as Rad23 and 
ubiquilins—that help to deliver certain ubiq- 
uitinated substrates to the proteasome use 
ubiquitin-like domains for binding (J, 8). 
Furthermore, Stuxnet could no longer inter- 
act with the proteasome when the ubiquitin- 
like domain was deleted in D. melanogaster 
cells, suggesting a role for this domain in 
binding to the proteasome (6). 


Midnolin-dependent degradation of nuclear regulators 

In response to external stimuli, expression of immediate early gene proteins and other transcriptional regulators 
is transiently induced (1). Midnolin targets many of these proteins for degradation by binding to regions with B 
strand propensity through its Catch domain (2). Subsequent ubiquitin-independent degradation of substrates by 
the 26S proteasome, possibly together with midnolin, ensures tight regulation of protein levels (3). 


External stimuli 
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somal degradation of Polycomb (6). Another 
example of a specialized recruitment fac- 
tor is antizyme 1, which triggers ubiquitin- 
independent proteasomal degradation of 
ornithine decarboxylase—the first enzyme in 
polyamine biosynthesis (7). By contrast, Gu 
et al. showed that midnolin interacts with 
numerous protein clients through a common 
recruitment mechanism. A large-scale stabil- 
ity screen assessed the levels of proteins en- 
coded by nearly 12,000 genes in midnolin-de- 
ficient and midnolin-overexpressing human 
cell lines, of which 508, mostly DNA-binding 
proteins or transcription factors, were stabi- 
lized in the absence of midnolin. 

The midnolin structure generated by the 
artificial intelligence (AI)-based structure- 
prediction program AlphaFold, comprises 
three stable domains: a ubiquitin-like do- 
main located toward the N terminus, a two- 
part pseudosymmetric Catch domain, and a 
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Ubiquitin-independent 
degradation of substrates 


Notably, proteins containing ubiquitin-like 
domains not only bind 26S proteasomes but 
also stimulate their activity (9). Therefore, it is 
possible that both the aHelixC and the ubiq- 
uitin-like domain of midnolin interact with 
the proteasome, the ubiquitin-like domain 
stimulating proteasome activity by docking 
to one of the ubiquitin receptor subunits and 
the aHelixC ensuring stable complex forma- 
tion. Interaction of midnolin with the 26S 
proteasome through aHelixC might involve 
the coiled-coil domains on the adenosine 
triphosphate (ATP)-hydrolyzing subcomplex 
of the 26S proteasome. In bacteria, the pro- 
teasome recruits substrates through these 
coiled-coil domains and this involves the for- 
mation of a shared three-stranded coiled-coil 
with a long helix on the factor targeting sub- 
strates for degradation (10). However, a mo- 
lecular understanding of midnolin-mediated 
recruitment to the proteasome awaits further 


mechanistic and structural analysis. 

Gu et al. offer an intriguing explanation 
of how the Catch domain of midnolin re- 
cruits its client proteins. The two subdo- 
mains each contribute a ® hairpin to form 
an incomplete 8 sheet. A groove between 
the two hairpins serves as the acceptor site 
for an additional strand donated by client 
proteins carrying a recognition motif for 
degradation (degron) with a propensity to 
form B strands (see the figure). This hy- 
pothesis was derived from an AlphaFold 
structure model of an IEG protein bound 
to midnolin. Among the 508 proteins that 
were stabilized in midnolin-deficient cells, 
205 showed predictions of B-sheet comple- 
mentation in AlphaFold models. Mutations 
disrupting or deleting the B-strand degrons 
in several client proteins led to their accu- 
mulation in human cells. 

Binding mechanisms involving B-strand * 
additions are well suited for interactions 
with a large number of proteins because 
they involve both nonspecific main-chain 
interactions with neighboring strands and 
specific interactions via side chain residues 
(11). Furthermore, B-strand degrons do not « 
require three-dimensional structural con- 
text for binding, so proteins exhibiting re- 
gions of disorder—characteristics of many 
degradation substrates—can be recruited . 
by this mechanism. 

A substantial portion of midnolin is pre- 
dicted to be intrinsically disordered. These 
regions might adopt structure upon interac- 
tion with the proteasome or with certain cli- 
ent proteins. However, proteasomal degrada- 
tion substrates must feature an unstructured 
region to initiate substrate processing (12), so 
it is possible that midnolin is degraded along 
with its cargo and that the disordered regions . 
facilitate this process. c 

Ubiquitin-independent proteasomal deg- 
radation has long been considered the excep- 
tion to the rule. This notion is challenged by 
the discovery of common mechanistic prin- : 
ciples for the ubiquitin-independent recruit- 
ment of many nuclear proteins. Future work 
should include in vitro biochemical charac- 
terization of the process and structural anal- 
ysis of the participating machinery. 
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John B. Goodenough (1922-2023) 


A giant in the fields of solid-state chemistry and physics 


By Clare P. Grey? and Laura H. Lewis? 


ohn Bannister Goodenough, ground- 
breaking materials scientist, died on 
25 June at the age of 100. John made 
seminal contributions to solid-state 
chemistry, physics, and engineering. 
In 2019, he shared the Nobel Prize in 
Chemistry for the development of lithium-ion 
batteries. His revolutionary insights into the 
fundamental physical properties of materials 
helped enable the wireless and artificial intel- 
ligence revolutions and advanced the science 
needed to help reduce carbon emissions. 

A New Englander in both upbringing and 
demeanor, John was born on 25 July 1922 in 
Jena, Germany, and raised in Connecticut. 
He received a BA in mathematics from Yale 
University in 1943 and served as a World 
War II US Army Air Forces captain from 1942 
to 1948. In 1952, he earned his PhD in phys- 
ics from the University of Chicago for—in his 
words—a “modest thesis,’ written under the 
guidance of theoretical physicist Clarence 
Zener, that investigated structural changes 
in alloys as a function of electronic configu- 
ration. Eschewing a traditional academic 
career, John then joined the Massachusetts 
Institute of Technology’s Lincoln Laboratory. 
He moved to become head of the Inorganic 
Chemistry Laboratory at the University of 
Oxford in 1976 and then 10 years later to the 
University of Texas at Austin, where he re- 
mained a chaired professor in the mechani- 
cal engineering department until his death. 

John’s early understanding of solids from 
a theoretical perspective served as the foun- 
dation for his later experimental inquiries, 
allowing him to view existing materials in 
new ways and providing a blueprint for cre- 
ating new types of materials with designer 
functionalities. He began his influential 
work at the height of the Cold War. Lincoln 
Laboratory, established by the Air Force in 
1950, had developed the first US air-defense 
system, combining radar, communications, 
and the early digital computer to detect and 
track hostile aircraft. In pursuit of faster 
computer memory, John studied magnetic 
oxides, providing insight extending from 
chemical bonding and spin orientation 
all the way to microstructure and perfor- 
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mance. In 1955, he published a series of 
predictions describing how two transition- 
metal magnetic cations interact through 
the intervening oxygen anions. These rules, 
updated in 1959 by Junjiro Kanamori and 
now known as the Goodenough-Kanamori 
rules, helped shape our understanding of 
magnetic couplings in magnetic systems 
and are still used today. 

Building on his foundational ideas, John 
explored phenomena such as localized versus 
band descriptions of electronic transport as 
well as Jahn-Teller distortions and spin-orbit 
coupling effects in oxides. These efforts ul- 
timately led to the development of random- 
access memory (RAM), which remains a 


fundamental component of computing. His 
work also sparked ideas that led to break- 
throughs in superconductors, rechargeable 
batteries, and heterogeneous catalysis. 

In the mid-1970s, motivated by the energy 
crisis, John turned his attention to methods 
for capturing and storing energy. In 1975, he 
published the first report on the very high 
sodium-ion conductivity within a family of 
sodium zirconium phosphates. He identi- 
fied the need for wide-open windows to al- 
low rapid hopping between connected sites 
(“bottlenecks”). This work unlocked the 
field of sodium (Na) superionic conductors 
(NASICONS), a range of Na- and lithium (Li)- 
ion conductors that have now been widely 
studied both as electrode materials and ionic 
conductors for liquid-based and solid-state 
batteries, respectively. It also led him to rec- 
ognize that covalency effects within the skel- 
eton structures alter the redox potentials of 
the redox-active ions. His early ideas on this 
phenomenon, which he coined the “inductive 
effect,’ are still widely applied in the field. 


John demonstrated reversible extrac 


of Li from layered oxides at high voltage.— 


He noted that “cobalt is expensive, with 
little attraction for the manufacturer.” 
Tronically, 10 years later, Sony used lithium 
cobalt oxide to make the first reversible 
Li-ion battery. In 1983, Michael Thackeray 
arrived from South Africa with a bag of 
iron-based spinel gems. Together, he and 
John developed manganese spinels, not as 
magnetic structures or hopping semicon- 
ductors but as high-rate Li-ion cathode 
materials for Li-ion batteries. In 2019, John 
was recognized for his contributions to the 
development of Li-ion batteries with the 
Nobel Prize. 

High-temperature copper-oxide super- 
conductors burst onto the scene in 1986, 
and John and his then-postdoc Arumugam 
Manthiram at the University of Texas began 
their long collaboration by studying synthesis 
and doping in yttrium barium copper oxide. 
In 1997, John and postdoc Akshaya K. Padhi 
developed the olivine lithium iron phosphate 
as a positive electrode material, which is now 
used commercially in cheap and high-rate 
batteries. John continued to advance our un- 
derstanding of magnetic and orbital ordering 
coupling in perovskite materials with colos- 
sal magnetoresistance, of enduring interest 
for spintronics, for the rest of his life. 

C.P.G. met John as a student and recalls him 
bravely teaching second-year undergraduates 
radically new concepts, which remain relevant 
to her work today. She later collaborated with 
John through the US Department of Energy 
battery research program. L.H.L. was a PhD 
student studying under John’s guidance in the 
mechanical engineering department at the 
University of Texas. In his button-down pink 
shirt and trademark bow tie, he provided 
formal but kind and patient supervision that 
conveyed his very high expectations. John re- 
quired his research group students to attend 
all of his graduate courses, a time-consuming 
obligation that, in retrospect, was a great gift 


and privilege. It was during those textbook- 


free classes that he communicated his unique, 
intuitive understanding of how nature oper- 
ates at the atomic scale. Interactions with 
John were marked by his infectious laugh. 
Slow, loud, and a bit braying, this laugh could 
convey surprise, delight, incredulity, bemuse- 
ment, or irony and provided a useful glimpse 
of his thoughts to those who knew him well 
enough to interpret it. 

John’s work was both interdisciplinary and 
international—he nurtured and collaborated 
with scientists all over the world. His contri- 
butions to science spanned 71 years, and his 
legacy will be even more long-lived. The tech- 
nologies he made possible will define the 21st 
century and beyond. 

10.1126/science.adj9263 
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CLIMATE POLICY 


Mandatory disclosure would 
reveal corporate carbon damages 


Accurate reporting is critical for markets and climate policies 


By Michael Greenstone’, Christian Leuz?*+, 
Patricia Breuer® 


he US Securities and Exchange 
Commission recently proposed a rule 
that would mandate that public com- 
panies report their greenhouse gas 
(GHG) emissions. This follows similar 
efforts in the European Union (EU) 
and United Kingdom. One rationale is that 
disclosure will provide information on ma- 
terial risks to investors, making it evident 
which firms are most exposed to future cli- 
mate policies. In addition, some believe that 
reporting will galvanize pressure from com- 
panies’ key stakeholders (e.g., customers 
and employees), leading them to voluntarily 
reduce their emissions. This reasoning is in 
line with evidence for financial markets 
(1) and disclosure mandates that form the 
third wave of environmental policy, which 
follows a wave of direct regulation and a 
wave of market-based approaches (2). But 
what might such disclosure reveal? We pro- 
vide a first-cut preview of what we might 
learn about the climate damages caused by 
each company’s GHG emissions by drawing 
on one of the largest global datasets, which 
covers roughly 15,000 public companies. 
Here, we introduce “corporate carbon 
damages” as a measure of the total costs 
to society associated with corporate emis- 
sions. For each firm, it is calculated as the 
product of their carbon dioxide (CO,)- 
equivalent direct emissions and the social 
cost of carbon (SCC)—the monetary value 
of the damages associated with the release 
of an additional metric ton of CO,. To ac- 
count for differences in firm size and to fa- 
cilitate across-firm comparisons, we then 
divide this product by the respective firm’s 
operating profit or sales. With existing da- 
tasets, it is not possible to determine who 
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bears the costs or to divide responsibility 
for these damages between firms and con- 
sumers (3). We nevertheless refer to them 
as corporate carbon damages because the 
emissions come from firm activities. The 
core finding is that average corporate 
carbon damages are large, but they vary 
greatly across firms within an industry, 
across industries, and across countries. 
We argue that widespread mandatory 
disclosure is critical for confronting the 
climate challenge for several reasons. 
Perhaps most importantly, reliable mea- 
surement of GHG emissions is the founda- 
tion of any meaningful policy to restrict 
emissions. Additionally, knowledge of the 
heterogeneity in corporate carbon dam- 
ages is critical to tackling the distribu- 
tional and related political economy con- 
siderations that frequently cause climate 
policies to founder. Finally, making hetero- 
geneity in corporate emissions transparent 
can facilitate across-firm benchmarking by 


( 


various stakeholders, which could bec ied 


an important force that drives continuca— 
reductions in corporate emissions. 


DATA AND METHODS 
Our analysis is based on a global sample 
of reported and estimated corporate GHG 
emissions provided by Trucost [see supple- 
mentary materials (SM) and (4)]. We focus 
on data from 2019 because it is the most 
recent year that was unaffected by the 
COVID-19 pandemic; however, we also re- 
port results for 2021 that are qualitatively 
similar (table $2). Our focus is on scope 1 
emissions, which are the direct emissions 
from sources that are owned or controlled 
by the respective company. This focus avoids 
issues of double counting that could other- 
wise arise [e.g., when using indirect emis- 
sions from purchased electricity (scope 2) 
or upstream production inputs and down- 
stream use (scope 3)]. In principle, scope 1 
emissions of all companies should add up 
to the corporate sector’s total emissions. 
Moreover, if all firms globally reported their 
scope 1 emissions, all corporate emissions 
would be accounted for, including those « 
from firms that “outsource” to other coun- 
tries; indeed, outsourcing across country 
borders provides another rationale for con- 
ducting our analysis at the global level. ‘ 
A weakness of an exclusive focus on 
scope 1 emissions is that it involves some 
arbitrariness in assigning carbon damages 
to firms, industries, and countries. For ex- 
ample, a steel producer that burns fossil 
fuels on-site would be rated as producing 
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Gray horizontal bars indicate ranges from the 10th to 90th percentiles. When computing carbon damages ‘ 
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Corporate carbon damages by industry 
Carbon damages are shown for a social cost of carbon of $190 per ton of CO2-equivalent emissions. Gray 
horizontal bars indicate ranges from the 10th to 90th percentiles. The number of firms (N) in each industry 
group are in parentheses. Graphs are truncated at 150%. In the global (US) sample, the values of the 90th 
percentile for energy; food, beverage, and tobacco; materials; transportation; and utilities are 383% (234%); 
160%; 567% (178%); 358% (201%); and 675% (342%), respectively. 
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much higher damages than one that draws 
electricity from the grid with the same to- 
tal associated CO, emissions. Similarly, 
a firm (or country) can reduce its scope 1 
emissions by “outsourcing” the emissions- 
intensive part of its business (or economy) 
by spinning it off into a separate company 
(or by regulating emissions domestically so 
that emissions move to another country). 
Acknowledging these weaknesses, we use 
scope 1 emissions to avoid double counting, 
which is critical if the goal is to compute 
firm-level carbon damages. We show that 
the results of our analysis are qualitatively 
unchanged when we account for differences 
in power supply and use the sum of scope 1 
and 2 emissions instead (tables S9 to S11). 

Our study provides and analyzes esti- 
mates of corporate carbon damages for 
14,879 publicly traded firms across the 
globe. Our sample accounts for more than 
80% of global market capitalization of pub- 
lic companies. We calculate each company’s 
carbon damages as the product of its tons 
of scope 1 emissions and the SCC. We use 
three different estimates for the SCC to 
account for the uncertainties in estimat- 
ing climate damages. Most of our analyses 
use $190 per ton of CO,-equivalent emis- 
sions (tCO,e), which was introduced by the 
US Environmental Protection Agency in 
November 2022, but we also report results 
for a lower value ($51 per tCO,e) that was 
used by the Obama administration and a 
higher value ($250 per tCO,e) that reflects 
that the $190 per tCO,e value does not in- 
clude areas (e.g., migration and conflict) for 
which it is generally expected that there will 
be meaningful climate damages (5). 

We then normalize the corporate carbon 
damages to provide a sense of their mag- 
nitude at the firm level. One way to scale 
it is to use output or revenue, akin to what 
economists do when they compute the la- 
bor and capital shares as production inputs. 
Another way to normalize carbon damages 
is to express them as a fraction of firms’ op- 
erating profits, which are, on average, about 
17% of firms’ revenues; this expresses car- 
bon damages relative to a measure of the 
value firms create with their products and 
services for their shareholders. 

The idea of monetizing firms’ environ- 
mental impacts has been around for at least 
a decade. We can broadly group approaches 
into three categories: (i) conceptual propos- 
als that extend the income statement by 
line items reflecting the monetized value 
of corporate impacts; (ii) studies that sug- 
gest or analyze accounting methods for 
GHG emissions; and (iii) empirical analy- 
ses of monetized corporate environmental 
impacts or carbon taxes. Our analysis of 
carbon damages differs from related ap- 
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proaches because of its large global 
sample of firms from many industries, 
the values for SCC, and its conceptual 
underpinnings, such as our focus on 
scope 1 emissions to avoid double 


Corporate carbon damages by country 

The table presents estimates of average corporate carbon damages 
by country as well as country rankings based on the (unadjusted) 
damages and industry-adjusted corporate carbon damages. 


its and 3.1% of their revenues. For US 
firms, average damages are 18.5% of 
profits and 2% of revenues (see the first 
figure and tables S3 and S4). When we 
calculate corporate carbon damages as 
a weighted average to account for firm 
size differences, using operating prof- 


its as weights, the global and the US 


averages are 34.2 and 15.6% of profits, 


respectively (fig. S2). 
Second, there is substantial varia- 


tion across firms, as well as across 


and within industries. The means far 


exceed the medians because there are 


firms with outsized carbon damages 
(see the first figure). But it is impor- 


tant to recognize that there are firms 


on both ends of the spectrum. In the 


global sample, the 10th percentile of 
carbon damages is equal to only 0.1% 


of corporate profits, whereas it is 85.8% 


for the 90th percentile (table S3). 
Next, the largest carbon damages 


occur in the energy-intensive indus- 


tries (ie., utilities, materials, energy, 


transportation, and food, beverage, 


and tobacco), for which the industry 
average of the damages is well above 


counting. (We further discuss related UNADJUSTED UNADJUSTED ADJUSTED 
: : COUNTRY N MEAN (%) RANKING RANKING 
approaches and provide an overview 
in the SM and table S1.) Australia 293 35.6 13 4 
It is conceptually important to un- Brazil 148 =O 9 6 
derscore that our approach to express- Canada 397 380 0 5 
ing carbon damages as a fraction of 
operating profits provides neither the China 1883 56.3 5 5 
percentage by which profits would de- — EyropeanUnion 740 379 1 2 
cline if carbon emissions were taxed 
at the SCC (6) nor a measure of the anes aa a : 
implicit subsidy to firms’ profits due Germany 201 42.5 8 6 
to insufficient carbon regulation glob- India 524 78.3 3 7 
ally (7). The impact of a carbon tax : 
(set at the SCC) on profits would dif- paula esi en 
fer from corporate carbon damages __ taly 4367 l2 10 
because the tax’s incidence would be Japan 2149 307 14 4 
divided between firms, customers, , 
and workers. The exact split would ome i mm : : 
depend on several factors, including Russia 55 129.6 1 3 
the elasticities of supply and demand South Africa 122 50.7 6 8 
for firms’ products, which vary greatly South Korea 726 458 j 1 
across and within industry and coun- 
try (3). Also, carbon damages are not -UnitedKingdom 385 21.7 V7 Y 
equivalent to and exceed the implicit — United States 2091 257 16 ll 


carbon subsidy of corporate activities 
because firms pay for emissions in 
some regimes (e.g., the EU Emissions 
Trading System) and, in addition, 
face nonprice emissions regulation in 
many parts of the world. Although the 
explicit or implicit carbon prices to 
firms from these regulations are gen- 
erally much lower than the SCC, one 
would need to measure the per-ton cost of 
carbon regulation (price and nonprice) that 
firms’ emissions face globally to compute 
subsidies. The data necessary to do such 
calculations are not available. 

Thus, our analysis is a “first cut” of the 
corporate carbon damages that is based on 
one of the largest emissions datasets that is 
presently available. It serves as a preview 
for what would be revealed with global 
mandatory reporting. We underscore, how- 
ever, that the resulting estimates must be 
interpreted cautiously. Of the firms in our 
sample for which GHG emissions data were 
available, only 31% of them directly reported 
their emissions (fig. S1). This reflects that 
in almost all parts of the world, reporting 
is, at present, still voluntary, lacks indepen- 
dent verification, and/or faces no penalties 
for underreporting; together, these features 
raise important questions about the reliabil- 
ity of emissions data that we cannot answer. 
The emissions for the remaining 69% of the 
sample firms are estimated by Trucost us- 
ing a model that relies on mostly voluntary 


emissions and the global public 


states (France, Germany, and Ita 
remainder of the EU countries. T 
damages ona complete set of binary industry indicators (see 
We use firm-level damages scaled by operating income and apply the natural logarithm given 
7) indicates the highest (lowest) average carbon damages. 
itive. We truncate observations of 


the skewed distribution. Rank 1 ( 
We keep only observations for which operating income is posi 
the scaled carbon damages that are below the first or above the 99th percentile. 


emissions reports from a wide array of data 
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Carbon damages are calculated with a social cost of carbon of $190 per ton of CO,-equivalent 
irm sample and are expressed as a percentage of operating 
income. The country sample is restricted to those listed by the Major Economies Forum on 
Energy and Climate. This list includes the European Union (EU) as well as three of its member 
ly). We report these countries separately and combine the 

e industry adjustment is performed by regressing firm-level 
the second figure for industries). 


sources to determine sector-specific emis- 
sion intensities, the company’s business 
sectors, and its revenue share by sectors 
(see SM). The results are qualitatively un- 
changed when using a subset of emissions 
data that is reported as third-party verified 
or when using an alternative data provider 
with less coverage (table S14). 


RESULTS 

In presenting the results, we focus on the 
global sample and additionally highlight 
the subsample of US companies. Aside 
from being the largest economy and home 
to a large set of publicly traded firms, the 
United States plays a special role because of 
its current regulatory debate over manda- 
tory climate reporting. We also focus on the 
damage estimates when the SCC is $190 per 
tCO,e. (Estimates using other SCC values 
are provided in the SM.) 

Three main findings emerge from our 
analysis. First, average corporate carbon 
damages are large, but they vary greatly 
across firms. For the global sample, they 
equal roughly 44% of firms’ operating prof- 


the mean of the global sample (see the 
second figure and fig. $3). It is note- 
worthy that the top-four industries ac- 
count for 89% of the total global cor- 
porate carbon damages. Importantly, 
however, there is substantial hetero- 
geneity within industry. For example, 
globally (in the United States) cor- 
porate carbon damages as a share of 
profits in the energy sector are 382.9% 
(233.7%) for the 90th-percentile firm and 
just 4.5% (4.5%) for the 10th-percentile firm 
in this sector (tables S5 and S6). 

This heterogeneity within the same in- 
dustry suggests that peer benchmarking has 
the potential to induce meaningful reduc- 
tions in corporate carbon damages (table 
$13). To illustrate this potential, we compute 
the amount by which firms’ total emissions 
would decline, if all firms with carbon dam- 
ages above their industry’s median were to 
reduce their carbon damages to their respec- 
tive industry median. For our sample, total 
emissions would decrease by more than 70%, 
with either the operating profit or the rev- 
enue normalization. Although this is just one 
example, it makes clear that benchmarking 
firms against their peers in terms of carbon 
damages has high potential for reducing cor- 
porate emissions (more details in table S12). 

Third, the variation in carbon damages 
across countries is substantial (fig. S4 and 
tables S7 and S8). Countries with high 
unadjusted average damages are Russia 
(129.6%), Indonesia (89.6%), and India 
(78.8%). The average unadjusted dam- 
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ages for France, the United States, and the 
United Kingdom are 29.5, 25.7, and 21.7%, 
respectively (see column 2a of the table). 
The unadjusted rankings accord roughly 
with conventional wisdom about differ- 
ences in climate regulatory stringency (see 
column 2b of the table). They also reflect 
carbon production, rather than consump- 
tion; so, for example, the climate dam- 
ages from high-carbon intensity products 
(e.g., steel bars) that are imported into the 
United States are assigned to the exporter, 
rather than to the United States. 

The country rankings are influenced 
by differences in industrial composition 
(see column 2b of the table), so the coun- 
try rankings after adjustment for these 
differences are reported (see column 3 of 
the table). This normalization changes the 
country ranking. For instance, Brazil has 
relatively many firms in carbon-intensive 
sectors, such as transportation and _utili- 
ties, and thus moves down from 9th to 16th 
place when we account for its industrial 
composition. Conversely, South Korea has 
relatively many firms in less-carbon inten- 
sive industries, such as semiconductors, 
and hence rises from 7th place to being the 
country with the highest average industry- 
adjusted corporate carbon damages. 


CONCLUSION 

The core finding from our analysis is that 
corporate carbon damages are, on aver- 
age, large but highly skewed, with median 
damages being much smaller. Moreover, 
these damages are heterogeneous across 
industries as well as within industries and 
countries. It is important to bear in mind 
that these findings are largely derived from 
voluntary reporting with no penalties for 
misreporting or even from estimated emis- 
sions. This is not a small caveat and under- 
scores the need for mandatory and verified 
emissions reporting. 

Mandatory disclosure can aid in decreas- 
ing GHG emissions in at least three impor- 
tant ways. First, it is not possible to have 
meaningful policies that aim to restrict GHG 
emissions without reliable measurement 
and credible data. This is true for both mar- 
ket-based policies (e.g., taxes on GHG emis- 
sions and cap-and-trade markets) and for 
command-and-control policies, which also 
require credible data to determine whether 
the policy is achieving its intended goals. 

Second, mandatory disclosure would 
help financial markets to discipline GHG 
emissions by pricing existing and expected 
future environmental policies. Such disclo- 
sure and the subsequent pricing would also 
give firms incentives to think strategically 
about their GHG emissions. Supporting 
this view, a considerable body of research 
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suggests that financial disclosure mandates 
have improved market pricing of risks, 
capital allocation, and firms’ financial op- 
erations (J, 8, 9), and indeed they are the 
bedrock of capital markets. 

Third, recent studies show that disclo- 
sure mandates can incentivize firms to 
reign in environmental externalities, such 
as GHG emissions, even in the absence 
of environmental policy [e.g., (10, 11)]. 
Targeted transparency has been used suc- 
cessfully in other policy areas (12). Thus, 
there is an empirical basis for the view that 
mandatory disclosure could pressure firms 
to reduce their GHG emissions. At the 
same time, we note that this “channel” re- 


7 


Carbon emissions, such as from this coal-fired power 
plant in Pennsylvania, USA, are released into 
the atmosphere, leading to global climate damages. 


lies on the nonfinancial preferences of key 
stakeholders (e.g., employees, customers, 
and perhaps even shareholders), which ex- 
pands firms’ social responsibility beyond 
profit maximization. 

A potentially dispositive weakness in 
firms’ claims to achieve “net zero” and other 
promises about future GHG emissions re- 
ductions is the availability of reliable data re- 
garding whether firms are living up to their 
promises or engaging in “greenwashing” 
that does not produce real emissions reduc- 
tions. Mandatory disclosure would provide 
a way to hold firms accountable for their 
promises by providing annual assessments 
of their own and their competitors’ progress. 
Such benchmarking against previous years’ 
emissions or peer firms’ emissions could 
unlock continued emissions reductions (10). 
However, to be successful, emissions disclo- 


sures have to be credible, and the regime 
should ideally cover all but the smallest pri- 
vate and public firms. 

We believe that Supreme Court Justice 
Louis Brandeis’s famous 1913 prescription 
that “sunlight is the best disinfectant” for 
“social and industrial diseases” still has merit 
more than a century later in confronting the 
climate challenge, a problem that society 
was unaware of at that time. Revealing cor- 
porate carbon damages would start a public 
dialogue about the contribution of corporate 
activities to the climate problem, which in 
turn could spur policies and unleash market 
forces. Put plainly, it is difficult to imagine a 
successful approach to the climate challenge 
that does not have widespread mandatory 
disclosure as its foundation. & 
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HISTORY OF SCIENCE 


A history of anti-racism 


in science 


Twentieth-century scientists were imperfect diversity 


advocates in the Global South 


By Jorg Matthias Determann 


n 10 June 2020, researchers in the 

United States and elsewhere joined 

the Strike for Black Lives, a mass 

walkout that sought to draw atten- 

tion to systemic racism and racial 

inequality. This high-profile protest 
might have given the impression that anti- 
racism in science is a relatively recent con- 
cern, propelled by the Black Lives Matter 
movement that emerged in the 2010s. How- 
ever, just as feminism in academia predates 
the #MeToo movement, anti-racism in sci- 
ence has a much longer history. 

In 1950, at the beginning of the Cold War, 
the United Nations Educational, Scientific 
and Cultural Organization (UNESCO) issued 
the first in a series of statements on race, con- 
demning racism and emphasizing the unity 
of the human species and the equality of all 
its members. Previous historians have under- 
stood UNESCO’s campaign against race preju- 
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dice as mainly a crusade undertaken in the 
North Atlantic world, with British and US 
researchers being seen as the moral leaders 
who responded to the horrors of scientific 
racism in Nazi-occupied Europe. In his new 
book, The Remnants of Race Science, histo- 
rian Sebastian Gil-Riafio refocuses 
this story on the Global South and 
especially on Latin America. 

The protagonists of Gil-Riafio’s 
book are scientists who spent 
much of their careers examin- 
ing non-European communities, 
including Indigenous people in 
Peru and descendants of African 
slaves in Brazil. These researchers 
sought to replace an emphasis on 
biological differences with a con- 
cern for cultural diversity. 

The central character of Gil- 
Riafio’s book is Alfred Métraux, a Swiss- 
born anthropologist who studied the native 
ethnic groups of Argentina and served as 
director of UNESCO's race campaign in the 
1950s. Rejecting ideas about racial order 
based on biological differences that were 
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common at the time, Métraux believed that 
“given similar degrees of cultural opportu- 
nity to realize their potentialities, the aver- 
age achievement of the members of each 
ethnic group is about the same.” 

Other activist scholars pushed back 
against racist attitudes too. The Brazilian 
psychologist Arthur Ramos, for example— 
another prominent figure in Gil-Riafio’s 
book—saw criminality among Black and 
mixed-race people in his home country as 
being due to social factors rather than rep- 
resenting inherited traits. Ramos would be- 
come the head of UNESCO’s Social Sciences 
Department at the start of the organization’s 
campaign to publicize scientific under- 
standings of race and to condemn racism. 

Drawing on primary sources recorded in 
Spanish, Portuguese, and French, Gil-Riafio 
introduces the reader to many scientific fig- 
ures and projects that are relatively unknown 
in Anglophone spheres. Ramos, we learn, for 
example, was preceded by Raimundo Nina 
Rodrigues, a doctor of legal medicine who 
was a foundational figure in the field of Afro- 
Brazilian studies. Rodrigues’s scholarship in- 
spired Ramos and others to advocate for the 
United Nations to embark on projects to im- . 
prove conditions for nonwhite communities 
that were perceived to be “primitive.” 

Even if mid-20th-century scientists in 
the Global South made advances in the 
struggle against race prejudice, their atti- 
tudes and beliefs were still shaped by their 
times. Although they laid to rest some of the 
most extreme eugenic ideas of biology as 
destiny and championed ideals of equality 
and “unity in diversity,’ many were unable 
to escape other biases and power asymme- 
tries that still structured international rela- 
tions after World War II. While they did not 
consider Indigenous and non- 
European people to be members 
of inferior races, for example, 
many felt that such individuals 
were held back by their cultures. 
A hierarchy of a modern “West” 
above a backward “Rest” thus 
continued to hold sway for much 
of the 20th century. 

Gil-Riafio’s rich and detailed 
account of Southern scientists’ ef- 
forts to push back against perva- 
sive racism thus offers a caution- 
ary tale rather than a blueprint 
for today’s anti-racist scholars. Nonetheless, 
his book offers useful historical context to 
current debates about how to successfully 
build solidarity in science and society. 
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Embrace the improbability 


of existence 


Learning to appreciate the rarity of life could improve 
our climate future, argues a physicist 


By Matthew Stanley 


n The Dawn of a Mindful Universe, 
physicist Marcelo Gleiser attempts to 
save the world by way of a pessimistic 
but spiritual application of the Drake 
equation—the mathematical framework 
used to estimate the number of intelli- 
gent civilizations likely to exist in the Milky 
Way Galaxy. Gleiser has written a number 
of stimulating books on the existential im- 
plications of modern science, and here he 
continues that trajectory in what he calls a 
manifesto of “urgency and hope.” His goal is 
to change humanity’s collective mindset to 
divert us from the “delusional and suicidal” 
climate path on which we find ourselves 
by reframing the stories we tell ourselves 
about the Universe and about humankind. 

The Dawn of a Mindful Universe is a 
wide-ranging, fast-paced journey from the 
pre-Socratics to Star Trek. It is both a story 
of the evolution of the Universe and life and 
a story of our understanding of them—a 
very wide scope for a relatively short book, 
which means that not every topic gets equal 
coverage or analysis. At times, this leads to 
some unevenness, but it is a worthwhile 
price to pay for gems such as Gleiser’s in- 
sightful discussion of the multiverse as a 
secular “God of the gaps.” 

Gleiser’s overall goal is to chart how we 
came to value ourselves over nature and, 
in parallel, came to think that the Universe 
should be full of life-forms like us. He argues 
instead for a “post-Copernican” mindset, one 
that embraces the preciousness of our planet 
over its similarities to other worlds. Here, he 
builds on his earlier writings about the limi- 
tations of science to cast doubt on the uni- 
formity principles used to assume that life 
is common in the Universe, warning readers 
not to extrapolate what we know about life 
on Earth to the rest of the cosmos. His ar- 
guments echo those made by paleontologist 
Stephen Jay Gould, who stressed the contin- 
gency of life’s emergence and development, 
arguing that if a single event had been differ- 
ent, we might not be here. 
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These discussions build up to Gleiser’s 
conservative reading of the Drake equation. 
In recent years, many scientists have been 
leveraging discoveries in exoplanets and as- 
trobiology to give generous estimates of the 
frequency of intelligent life in our Galaxy. 
Gleiser disagrees strongly with this approach. 

Going against the tide of opinion, Gleiser 
argues that the failure so far to find life else- 
where means that we are, essentially, the 
only intelligent beings in the Milky Way—a 
conclusion he uses to call for a resacraliza- 
tion of nature. We should embrace a biocen- 
tric view that life must be protected as some- 
thing unique and endangered, he maintains. 

There is no supernaturalism here. Gleiser 
takes a nondenominational position that 
allows and encourages transcendent, sub- 
lime experiences of life. He rejects physicist 
Steven Weinberg’s classic conclusion about 
the apparent pointlessness of the Universe, 
instead contending that the more we under- 
stand the cosmos, the more we understand 
our own rarity and therefore preciousness. 

Gleiser suggests combining this cosmo- 
logical interpretation with a kind of spiri- 
tuality inspired by Indigenous traditions 
in which nature is revered. Like historian 
Lynn White Jr., he contends that the root 
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of our ecological crisis is religious in nature 
and the solution must therefore be rooted in 
science-driven spirituality that establishes 
interconnectedness within the biosphere. 

The book’s closing chapter presents a 
six-point plan to change the course of civi- 
lization by embracing a new conception 
of humanity as a single tribe with shared 
values. As is often the case with manifestos, 
though, many of Gleiser’s points are sim- 
ply stated rather than argued for. The rar- 
ity and interconnectedness of life may well 
be supported by scientific evidence, but the 
moral responsibility Gleiser hopes will fol- 
low is not. As philosophers sometimes point 
out, it is difficult to go from “is” to “ought.” 
Other resources are generally needed to 
establish value systems. Such a role might 
be played by the Indigenous systems that 
Gleiser attempts to bring into the conver- 
sation, although they are not discussed in 
much detail in the book. 

As with the long-standing tradition of 
natural theology, it seems unlikely that The 
Dawn of a Mindful Universe is going to con- 
vince anyone who does not already agree 
with Gleiser’s position that the biosphere 
needs protecting. However, it will no doubt 
provide ammunition and many interesting 
ideas to those who already believe. 
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SCIENCE, SEX, AND GENDER 


Sex classifications are often based on agency goals, not science. 


PODCAST 

Sex Is as Sex Does: 

Governing Transgender Identity 
Paisley Currah 

New York University Press, 2022. 
256 pp. 


When and how governments assign 
sex classifications to citizens is less 
straightforward than many might think 
and is more often related to socia 
nd political goals than to scientific 
understandings of sex. This week on 
the Science podcast, Paisley Currah 
discusses the myriad ways agencies 
of the state navigate sex classification 
and how efforts to label people in this 
way can be problematic for all, not just 
for individuals who do not easily fit 
into existing categories. 
bit.ly/3PX6dNU 
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Rerouting railway would 
conserve India’s gibbons 


The western hoolock gibbon (Hoolock 
hoolock), an obligate canopy dweller that 
rarely ventures to the ground, inhabits 
dense evergreen and semi-evergreen 
forests in south and southeast Asia. The 
globally endangered primate species is 
threatened by habitat destruction and 
fragmentation as well as hunting (7). Even 
in the Hollongapar Gibbon Sanctuary in 
Assam, India, a 21-km? protected area 
with about 125 gibbons from an identified 
“northern” subpopulation (J, 2), the low- 
land rainforest habitat is fragmented by 

a railway track. To ensure that the gibbon 
sanctuary provides effective conservation, 
the track should be rerouted. 

India harbors at most 10,000 western 
hoolock gibbons (3). Their small, insular 
populations are restricted to the southern 
and eastern banks of Brahmaputra and 
Dibang rivers, respectively (7). Although 
India has given the western hoolock gib- 
bon the highest legislative protection (4), 
no national or state-level conservation 
action plan for the species exists. 

A railway track has divided the habi- 
tat that is now the Hollongapar Gibbon 
Sanctuary since 1887 (5). Between 1880 and 
1920, human settlements and tea planta- 
tions, established by the then British colo- 
nial government, severed the area from sur- 
rounding forests (7). The state government 
of Assam made the sanctuary a protected 
area in 1997 (5). Additional land-use changes 
to and forest loss and degradation in the 
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surrounding areas in recent decades have 
left an isolated “forest island” (7, 6). Because 
the western hoolock gibbon is sensitive to 
canopy gaps and habitat fragmentation, the 
movements and dispersal of the species have 
become severely limited in the sanctuary 
and surrounding region (5), potentially com- 
promising this subpopulation’s long-term 
genetic and demographic viability (2). 

Recently, the Assam Forest Department 
and Wildlife Institute of India jointly final- 
ized a detailed design of artificial canopy 
bridges to help reconnect gibbon groups 
on either side of the existing railway track 
(5). Initiatives are also underway to restore 
connectivity between the sanctuary and 
surrounding forests (6). Elected represen- 
tatives have indicated support for gibbon 
conservation (7, 8). However, impending 
track electrification and expansion plans 
(9, 10) pose insurmountable challenges to 
such conservation efforts. 

The Indian government promotes sus- 
tainable development and emphasizes 
coexistence with wildlife and habitats in 
its growth philosophy (//, 12). Given the 
western hoolock gibbon’s conservation 
status, Hollongapar Gibbon Sanctuary’s 
small size, and the availability of sur- 
rounding nonforest land, the existing 
railway track should be rerouted to areas 
outside the sanctuary. Moving the track 
would be a critical step toward gibbon 
conservation and would also unambigu- 
ously demonstrate the government’s com- 
mitment to balancing India’s rapidly 
growing economy with its fragile ecology. 
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Norway’s mining plans 
threaten Arctic life 


The demand for metals is surging in 
response to the rapid development of green 
energy infrastructure such as electric vehicle 
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batteries and magnets (J). As a result, inter- 
est in deep-sea mining for critical minerals is 
increasing (2), potentially putting species— 
many of which have only recently been iden- 
tified (3)—at risk of pollution (4) and marine 
habitat destruction (2). Data on benthic and 
pelagic biodiversity and deep-sea ecosystem 
dynamics is inadequate, hindering essential 
environmental impact assessments (5, 6) 
that could quantify the impacts of deep-sea 
mining. Despite these uncertainties, Norway 
has proposed deep-sea mining on its conti- 
nental shelf. 

Norway’s mining plans cover an area of 
about 280,000 km”, including areas of the 
Norwegian and Greenland Seas (7). The total 
area is estimated to contain about 38 million 
tons of copper, which is more than the total 
global annual extraction (8). The proposed 
mining activities will threaten deep-sea key- 
stone species and wildlife (2, 5, 6). 

Elsewhere in Europe, deep-sea mining 
has been put on hold. France has banned it, 
and Germany has called for a “precaution- 
ary” pause while awaiting better data on 
its potential impacts on biodiversity and 
ecology (9). The Norwegian parliament is 
scheduled to vote on deep-sea mining later 
this year (7). If approved, Norway would 
become one of the first nations to initiate 
such operations. 

Norway already has a large direct (10) 
and indirect carbon footprint per capita 
because of its extensive oil exploitation, 
threatening the vulnerable Arctic region 
(11). The Norwegian government should 
carefully consider the entire spectrum of 
environmental risks associated with deep- 
sea mining before approving the proposed 
projects. Deep-sea mining could lead to 
losses that surpass critical planetary tipping 
points, causing irreversible damage to eco- 
system services, including but not limited 
to fisheries. Instead of mining vulnerable 
seabed ecosystems, Norway should increase 
the availability of metals by initiating better 
global recycling (5). 
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region’s species and ecosystems at increased risk. 


Threat to Tanzanian Park 
requires compromise 


Katavi National Park in western Tanzania 
is famed for its pristine remoteness and 
large mammal dry season aggregations (1, 
2). Two unpaved roads of equivalent length 
run through the park, linking the regional 
capitals of Mpanda and Sumbawanga. One 
road cuts across the center of the park, 
crossing the Katuma River, a dry season 
hotspot for very large mammals, especially 
hippopotamus (3). The other runs farther 
west through miombo woodland with much 
lower animal densities. After a hiatus due 
to lack of funding, construction to pave the 
road that bisects the central area frequented 
by animals in the dry season has recently 
started, putting animal populations at risk. 
Yet Tanzania could still craft a win-win solu- 
tion to this environment-development con- 
flict if it reassesses its paving decision. 

The road upgrade will lead to the loss 
of at minimum 188,000 trees along the 
46-km section through the park (4), an 
increase in road collisions between cars 
and large mammals (5), and numerous 
roadkills of amphibians, birds, and reptiles 
(6). A tarmac road will further undermine 
public perception of the area as a protected 
wilderness, thereby reducing lucrative 


tourism revenue generated principally by 
the national park’s remoteness [e.g., (7)]. 

Tanzania National Parks (TANAPA), 
which is relatively powerless against the 
government authority responsible for road 
building and maintenance in Tanzania 
(TANROADS), plans to reduce animal 
mortality by authorizing speed bumps 
on the road and placing gates at the park 
boundaries. These measures may offer 
limited protection but will likely be una- 
ble to counter the expected increase in 
traffic volume due to drivers choosing the 
upgraded paved road over the unpaved 
murram road, drivers racing between 
speedbumps, noise, and littering (4). 

In another Tanzanian national park, 
Mikumi, a paved road led to high rates of 
animal-vehicle collisions involving human 
casualties, vehicular damage, and wildlife 
mortalities (5). In response, paved roads 
through national parks were deemed unwise 
(8) and plans were revoked in Serengeti (9). 
Although the practice has restarted, a com- 
promise solution is still possible (70). 

Extensive tree felling to widen the 
Katavi road is already in full swing, but the 
Tanzanian Government could stop paving 5 
miles (8 km) south and 5 miles north of the 
Katuma River, giving elephants, buffalo, 
hippopotamus, and giraffes the freedom to 
graze and browse relatively undisturbed in 
proximity to dry season aggregation areas. 
Urban connectivity and Tanzania’s Natural 
Capital could both be sustained if the 
Government bravely modifies its decision 
and acts with agility and speed. 
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Potato pathogen resistance 


he oomycete Phytophthora infestans devastates potato crops, 
most famously during the Great Irish Famine of the mid-1800s. 
Torres Ascurra et al. examined wild potato variants from across 
the Americas and identified a pattern recognition receptor 
called PERU, which recognizes a P. infestans peptide. When 
PERU binds a protein fragment from P. infestans, the potato 


plant can mount an immune response. The authors established that 
different alleles of PERU from wild Andean potato relatives have 
different sensitivities to the P. infestans peptide. Their work provides 
mechanistic insight into P infestans immunity, thus paving the way 
for improved crop resilience to a disease that has been challenging to 
control.— MRS _ Science, adg5261, this issue p. 891 


Wild ancestors of potatoes are able to sense and resist oomycete pathogens that cause late blight, pictured here on a domesticated potato leaf. 


CATALYSIS 

Cooling down methane 
pyrolysis 

Very high temperatures are 
needed to convert methane to 
hydrogen and solid carbon. A 
known liquid metal nickel—bis- 
muth catalyst for this pyrolysis 
reaction resists deactivation 
but requires reaction tempera- 
tures above 1000°C. Chen et al. 
added molybdenum to improve 
nickel reactivity, which could 


enable lower operating tempera- 


tures. Molybdenum appears to 
decrease the negative charge on 
nickel atoms in the molten state 
and to increase atom mobility 
and interaction with methane, 
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which enables efficient long- 
term pyrolysis at 800°C. —PDS 
Science, adh8872, this issue p. 857 


ORGANIC CHEMISTRY 
Displacing olefins with 
nitrogen 


Reactions that form carbon— 
nitrogen bonds most often target 
carbon centers that are either 
single bonded to a halogen or 
double bonded to oxygen or 
another carbon. He et al. present 
an alternative sequence that 
targets a carbon-carbon single 
bond adjacent to an olefin. 
Treatment of the allylic carbon 
compound with ozone followed 


by copper catalysis formally 
displaces the pendant olefin with 
an amine. The reaction can intro- 
duce nitrogen into a wide variety 
of complex terpenes, among 
other compounds. —JSY 

Science, adi4758, this issue p. 877 


CHEMICAL TECHNOLOGY 
Indirect oxidative 
propylene synthesis 


The conversion of propane to 
propylene by oxidation is less 
energy intensive than direct 
dehydrogenation but must be 
controlled to avoid overoxida- 
tion, which limits selectivity 
and conversion. Wang et al. 
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show that a chemical looping 
process in which the feed gas 
switched between propane 
and oxygen achieved 81.3% 
propylene selectivity at 42.7% 
propane conversion at 550°C. 
Well-dispersed vanadium 
dioxide on alumina performed 
the dehydrogenation reaction, 
and adjacent iron vanadate 
particles acted as the oxygen 
carrier. Propylene selectiv- 
ity increased with nanoscale 
proximity of the catalyst sites 
so that the hydrogen generated 
at the vanadium dioxide could 
migrate readily to the adjacent 
iron vanadate side for combus- 
tion. —PDS 

Science, adi3416, this issue p. 886 
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CANCER GENETICS 
Not just random 
chromosome changes 


Aneuploidies, which are changes 
in the numbers of whole chro- 
mosomes or chromosome arms, 
are common in cancer, but their 
contributions to cancer cell 
survival have been difficult to 
pinpoint. Girish et al. developed 
a chromosome-engineering tool 
to orchestrate the targeted loss 
of aneuploid chromosome arms 
and thereby compare isogenic 
cancer cell lines with and without 
selected trisomies. The authors 
discovered that trisomy of 
chromosome lq in particular is 
advantageous to cancer cells 
and phenocopies the loss of 
tumor suppressor TP53 signal- 
ing. Tumors with this aneuploidy 
are sensitive to compounds 
activated by an enzyme encoded 
on chromosome lq, suggesting a 
potential therapeutic approach. 
—YN 

Science, adg4521, this issue p. 848 


CELL BIOLOGY 
How midnolin catches 
its substrates 


Eukaryotic cells contain a 
macromolecular protease 
called the proteasome that 
degrades proteins modified 

by ubiquitin. The proteasome 
can also degrade proteins that 
are not ubiquitinated, but how 
this occurs mechanistically has 
remained mysterious. Gu et al. 
identified midnolin, an inducible 
protein that localizes within the 
nucleus to promote the protea- 
somal degradation of numerous 
transcriptional regulators 
independently of ubiquitination 
(see the Perspective by Schilling 
and Weber-Ban). Midnolin stably 
associates with the proteasome 
and uses a structural domain 
that incorporates a free B 
strand to “catch” substrates for 
destruction. Thus, the midnolin- 
proteasome pathway bypasses 
the canonical ubiquitination 
system to achieve selective 
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degradation of many nuclear 
proteins. —SMH 
Science, adh5021, this issue p. 849; 
see also adj8230, p. 834 


STRUCTURAL BIOLOGY 
Chromatin assembly 
by CAF-1 
Chromosomal duplication 
involves the replication of DNA 
and the assembly of chroma- 
tin onto the replicated DNA. 
Chromatin assembly factor-1 
(CAF-1) is a heterotrimeric pro- 
tein complex responsible for the 
deposition of newly synthesized 
histones H3 and H4 onto DNA in 
replication-coupled nucleosome 
assembly. Liu et al. revealed that 
in the presence of histones H3 
and H4, the two otherwise flex- 
ibly tethered globular domains 
of CAF-1 attach to opposite 
ends of an elongated H3-H4 
heterodimer, and a flexible loop 
of the p150 subunit becomes 
ordered to secure H3-H4 bind- 
ing. Formation of an H3-H4 
tetramer is a prerequisite for 
nucleosome assembly, and DNA 
induces the juxtaposition of two 
CAF-1-H3-H4 complexes poised 
for H3-H4 tetramer formation. 
CAF-1 promotes right-handed 
DNA wrapping of H3-H4 tetra- 
mers in vitro, in contrast to the 
left-handed DNA wrapping in the 
nucleosome. —DJ 

Science, add8673, this issue p. 850 


SENSATION 
Intimate touch 


It is well known that the genitals 
are unusually sensitive, and 
that genital touch is crucial for 
mating and associated plea- 
sure, but the underlying basis 

is not completely understood. 
By studying mice and humans 
with a rare inherited mechano- 
sensory syndrome, Lam et al. 
identified a mechanism involving 
the mechanoreceptor PIEZO2 
that is responsible for deter- 
mining genital sensitivity (see 
the Perspective by George and 
Abraira). Their results highlight 
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the importance of touch for 
driving physiological responses 
needed for sexual function. The 
identification of PIEZO2 anda 
specific type of touch neuron 
as key mediators might help in 
the development of therapeutic 
approaches for both hypo- and 
hypersensitivity that interfere 
with the enjoyment of sex. 
—MMa 

Science, adg0O144, this issue p. 906; 

see also adj8674, p.832 


CARBON OFFSETS 
A good idea in principle 


Reducing emissions from defor- 
estation and forest degradation 
(REDD) projects are intended to 
decrease carbon emissions from 
forests to offset other carbon 
emissions and are often claimed 
as credits to be used in calculat- 
ing carbon emission budgets. 
West et al. compared the actual 
effects of these projects with 
measurable baseline values and 
found that most of them have 
not reduced deforestation sig- 
nificantly, and those that did had 
benefits substantially lower than 
claimed (see the Perspective by 
Jones and Lewis). Thus, most 
REDD projects are less beneficial 
than is often claimed. —HJS 
Science, ade3535, this issue p. 873; 
see also adj6951, p.830 


SOLAR PHYSICS 
Numerous small-scale 
jets on the Sun 


Plasma is constantly stream- 
ing away from the Sun, forming 
the solar wind. A likely source 

of this plasma is coronal holes, 
regions of the Sun’s corona with 
magnetic field lines that open 
outward. Chitta et al. observed 

a coronal hole in the extreme 
ultraviolet using the Solar 
Orbiter spacecraft and identifed 
several types of small-scale jets 
within it (see the Perspective by 
Ugarte-Urra and Wang). Large 
numbers of jets occurred during 
the observation, but each one 
lasted only a few dozen seconds. 


The authors calculated that the 
jets provide enough energy and 
plasma to supply a large fraction 
of the solar wind, at least during 
quiet periods. —KTS 
Science, ade5801, this issue p. 867; 
see also adj8002, p. 833 


THYMUS 
Aire not so apparent 


The T cell repertoire is formed 
from a series of intricate steps 
during which autoreactive 
thymocytes are eliminated. 
Glucocorticoids, produced 
locally, can promote thymocyte 
survival, counteracting the nega- 
tive selection facilitated by the 
expression of tissue-restricted 
ntigens in thymic medullary 
epithelial cells that is induced by 
the gene autoimmune regula- 
tor (Aire). Using genetically 
engineered mice, Taves et al. 
found that medullary, but not 
cortical, epithelial cells showed 
enriched expression of genes 
encoding enzymes required 
for all steps of glucocorticoid 
biosynthesis, including Cyp11bl, 
and that their expression and the 
abundance of glucocorticoids in 
the thymus were dependent on 
Aire. Although the importance 
of Aire in limiting autoimmunity 
by regulating negative selection 
is established, Aire-dependent 
expression of enzymes involved 
in lipid and steroid biosynthesis 
may modulate the process to 
refine T cell diversity. —SHR 

Sci. Immunol. (2023) 
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ION CHANNELS 
A multitude of ways 
to activate TPCs 


The second messenger nicotinic 
acid adenine dinucleotide 
phosphate (NAADP) indirectly 
stimulates the opening of 
two-pore channels (TPCs) on 
endosomes and lysosomes, 
thus triggering the release of 
calcium ions from these acidic 
organelles. Gunaratne et al. 
found that the NAADP-binding 
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proteins JPT2 and LSM12 were 
both required in a nonredundant 
fashion for NAADP-evoked cal- 
cium release. In a related paper, 
Saito et al. found that a synthetic 
compound mimicked the effect 
of NAADP on TPC2-mediated 
calcium release in a manner 
distinct from that of NAADP- 
binding proteins, suggesting 
strategies for restoring TPC2- 
dependent calcium release in 
pathological contexts. —AMV 
Sci. Signal. (2023) 
10.1126/scisignal.adg0485, 
10.1126/scisignal.adg0661 


LIQUIDS REDEFINED 
Liquids reveal solid-like 
properties 
Recent advances in theoreti- 
cal and experimental research 
have led to a reevaluation of 
our understanding of liquids, 
revealing that they have proper- 
ties akin to solids. Trachenko 
points out that the conventional 
Maxwell model that describes 
liquids as purely viscous is 
not universal. The interaction 
between the liquid and the 
substrate is key, and under total 
wetting conditions, liquids dem- 
onstrate a solid-like response, 
including shear elasticity, which 
challenges the very definition 
of what a liquid should be. This 
shear elasticity allows for the 
propagation of thermal waves, 
revealing a thermoelastic 
behavior similar to that of solids. 
These insights point to new 
applications for controlled fluid 
transport in the health sciences. 
—LSB 
Sci. Adv. (2023) 
10.1126/sciadv.adh9024 


SOCIAL SCIENCES 
Policy can both cause 
and reduce poverty 


Researchers studying poverty 
in the United States often focus 
on individualized risks, such 

as a lack of college educa- 

tion, or other potential causes 
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of poverty, including cultural 
accounts. In a review of poverty 
research and a comparison 
of the US with other nations, 
Brady shows that the US has 
historically higher poverty than 
comparable nations, and this 
cannot be accounted for by a 
greater prevalence of expected 
risks or causes. Instead, policy 
decisions to penalize statuses 
thought of as risks (e.g., single 
motherhood), and to penal- 
ize them more severely than 
other nations, better explain the 
comparatively higher US poverty 
rate. However, policy change can 
reduce poverty, just as policy has 
generated it. —JSE 
Sci. Adv. (2023) 
10.1126/sciadv.adg1469 
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Long noncoding RNA 
for slim mice 


The gut microbiota of mice 
influences their host's 
metabolism by mechanisms 
mediated by small intestinal 
epithelial cells. During whole- 
transcriptome sequencing 
of epithelial cells, Wang et 
al. found several genes that 
encode long noncoding RNAs 
(IncRNAs). One of these 
genes, called Snhg9, varied 
in abundance in animals 
depending on the presence 
or absence of gut microbiota 
mediated by immune effec- 
tors. The authors found that 
the IncRNA interacted with 
and bound to cell cycle and 
apoptosis protein 2, which in 
turn bound to and inhibited 
sirtuin, a regulator of lipid 
metabolism. High levels of 
Snhg9 seen in germ-free mice 
may be the reason that they 
stay slim, whereas animals 
with intact microbiota have 
lower levels of the IncRNA and 
are fatter. —CA 

Science, ade0522, this issue p.851 


Aging gets on the 

heart’s nerves 

Changes in innervation of 

the heart can contribute to 
arrhythmias, and the risk of 
arrhythmias greatly increases 
with age. Wagner et al. uncov- 
ered a mechanism connecting 
these two phenomena. The 
authors studied young and 
aging mice and demonstrated 
that innervation of the heart 
decreases with age. Age-related 
accumulation of senescent 
cells promotes the release of 
semaphorin-3A, which reduces 
the density of neuronal axons 
in the heart. At the same time, 
aging is associated with a 
decrease in a microRNA that 
counteracts the effects of 
semaphorin-3A, further tipping 
the balance toward decreased 
innervation. These age-related 
losses in innervation could 

be reversed by treating the 
mice with senolytic drugs, 
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suggesting a potential thera- 
peutic approach. —YN 
Science, ade4961, this issue p. 897 


Curved structures from 
flat sheets 


Transforming a flat sheet into 
a curved object or vice versa 
usually leads to distortions such 
as wrinkles or cuts unless the 
Gaussian curvature is con- 
served, such as when turning 
a piece of paper into a cylinder 
or acone. Drawing inspiration 
from bulliform cells in plants, 
which are believed to control the 
curvature in leaves to regulate 
water loss, Gao et al. designed 
thin panels with inflatable 
pneumatic cells that allow for 
pure in-plane contraction or 
bending or combinations of the 
two. Thus, the authors were able 
to transform a flat surface into a 
shape with a different Gaussian 
curvature, with implications 
for the design of soft robotics. 
—MSL 

Science, adi2997 this issue p. 862 


C Al : 
Improving immune 
checkpoint inhibitors 
Although immune checkpoint 
inhibitors have been beneficial 
for many patients, 40% fail to 
respond. Bennion et al. evalu- 
ated Fcy receptor IIB (FcyRIIB), 
an inhibitory receptor that has 
recently been found on activated 
CD8* T cells. They demon- 
strated that the Fc portion of 
the ligand antiprogrammed 
death 1 could bind to FcyRIIB 
on activated CD8* T cells in 
mice and reduce the efficacy 
of immunotherapy, which was 
abrogated by adding an antibody 
against FcyRIIB to the treat- 
ment. These results elucidate 
an unappreciated mechanism of 
FcyRIIB-mediated, cell-autono- 
mous suppression, suggesting 
that altering the Fe portion of 
these antibodies could better 
improve efficacy across patients. 
—DLH 
Sci. Transl. Med. (2023) 
10.1126/scitranslmed.add1868 
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Ants transition 
between behavioral 
roles as they age, 
correlating with 
changes in gut 
microbiota and brain 
gene expression. 


Synthetic resistance 
promoters 


Plant pathogens cause yield 
reduction of crops worldwide. 
Different pathogens elicit immune 
responses through divergent plant 
signaling pathways, for example, 
by either activating salicylicacid 
(SA) or jasmonic acid (JA) biosyn- 
thesis. To enhance immunity to 
a broad range of pathogens, Li et 
al. designed synthetic promoter 
sequences that respond to both 
SA and JA. Chimeric promot- 
ers integrating both SA- and 
JA-responsive elements were acti- 
vated by diverse plant pathogens. 
The promoters were used to drive 
the expression of an antimicro- 
bial peptide conferring plants 
with enhanced resistance. This 
approach allows the induction of 
immune responses in response to 
otherwise antagonistic signaling 
pathways. —MRS 
Plant Commun. (2023) 
10.1016/}.xplc.2023.100596 


Foliage feeding inferred 
from fossils 

Plants are hosts for hundreds 

of thousands of herbivorous : 
arthropods. This diversity is c 
thought to be maintained by the 
diversity of plants, with many 
herbivores specializing on certain 


—— 


provides evolutionary evidence for 
functional diversity among herbivorous 
arthropods. 


science.org SCIENCE 


BEHAVIOR 


Social physiology 
olonies of social insects have sharply defined divisions of labor, from 
nursing and guarding to foraging and cleaning. Ant colonies thus 
provide convenient models for exploring the relationships between 
an animal's biology and its social environment. To disentangle the 
multiple contextual factors that add complication and redundancy 

to a social environment, Kay et al. conducted a multiomics study of the 

Carpenter ant Camponotus fellah. The ants transition between behavioral 

roles as they age, which correlates with changes in microbiota, spatial envi- 

ronment, and other aspects of their biology. Machine learning applied to 
the omics data revealed that physiological measures (gut microbiota and 
brain gene expression) were more strongly correlated with social maturity 
than with behavior, age, or physical environment. These results imply that 
social interactions may have a direct effect on brain function. —CA 


PLOS Biol. (2023) 10.1371/journal.pbio.3002203 


host plants and many having 
adaptations to feed on different 
plant tissues. Using data from leaf 
fossils collected in central Europe, 
Iceland, and Norway, Albrecht et 
al. investigated which of these 
factors played a larger role in sup- 
porting herbivorous arthropod 
diversity over the past 60 million 
years. Their analysis showed that 
herbivore functional diversity dur- 
ing the Cenozoic was most closely 
tied to changes in the degree of 
host partitioning (multiple feeding 
types co-occurring on the same 
leaf) than to plant diversity. —BEL 
Proc. Natl. Acad. Sci. U.S.A. (2023) 
10.1073/pnas.2300514120 


QUANTUM OPTICS 
Synchronizing photon 
emission 


Optical quantum networking and 
communication technologies 
rely on the ability to generate 
and propagate single photons. 
Although generating single 


SCIENCE science.org 


photons is not a problem itself, 
having them be indistinguishable 
and doing so in a synchronized 
way remains a challenge. The 
generation process is often 
stochastic, making it difficult to 
engineer multiphoton states. 
Davidson et al. removed the sto- 
chasticity from the process by 
using two rubidium gas clouds. 
Cloud-one is used to generate 
pairs of single photons, and 
cloud-two is used as quantum 
memory to store a single photon. 
Cloud-one generates signal and 
idler photons. The signal photon 
is then stored in the memory 
until the idler photon triggers 
its release. Having a route to 
efficiently generate synchro- 
nized single-photon emission 
should allow for more complex 
(and more useful) multiphoton 
states to be engineered on 
demand simply by repeating 
the generation-storage-retrieval 
process. —ISO 
Phys. Rev. Lett. (2023) 
10.1103/PhysRevLett.131.033601 


NEUROSCIENCE 
Estrogen’s effects 
on mood 


Fluctuations in the levels of 
reproductive hormones, for 
example, during postpartum or 
perimenopausal periods, are 
associated with mood disrup- 
tion in women. However, the 
neural circuits responsible for 
these changes are not clear. Tao 
et al. found that depressive-like 
behaviors caused by ovarian 
hormone withdrawal in mice 
were mediated by a reduc- 

tion in activity of a group of 
estrogen receptor-l—expressing 
neurons in the medial preop- 
tic area of the hypothalamus. 
These neurons project to the 
ventral tegmental area and the 
periaqueductal gray, where 
they enhance the release 

of dopamine and serotonin, 
respectively. Both dopamine 
and serotonin have positive 
effects on mood, so this finding 
provides a mechanistic link 
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between estrogen levels and 
depression. —SAL 
Nat. Neurosci. (2023) 
10.1038/s41593-023-01397-2 


GEOPHYSICS 
Subducting seamounts 


Seamounts dot the ocean floor 
and get subducted along with 
tectonic plates at subduction 
zones. Bangs et al. used three- 
dimensional seismic imaging to 
help understand how seamounts 
affect deformation processes 
in the subducting Hikurangi 
subduction zone of New Zealand. 
The authors found that one of 
the seamounts imaged created 
a bulge in the overriding plate, 
leaving a tube-shaped sediment 
wake. This structure seems to be 
tied to an aseismic deformation 
known as slow slip. Although sea- 
mounts are also thought to cause 
thrust faults to lock, these obser- 
vations show how the diverse 
heterostructure created by 
seamounts also allows for other 
types of deformations. —BG 
Nat. Geosci. (2023) 
10.1038/s41561-023-01186-3 


EDUCATION 
High school guidance 
pays dividends 


Effects of secondary school 
guidance counselors on educa- 
tional attainment are of similar 
magnitude to teacher effects 
and are most impactful for 
lower-income and lower-achiev- 
ing students. Mulhern analyzed 
data from 146 Massachusetts 
high schools that quasirandomly 
assigned 224,563 students to 
613 counselors, who assisted 
students on things such as 
course selection and college 
applications. More effective 
counselors increased rates of 
high school graduation, college 
attendance and persistence, 
and bachelor’s degree comple- 
tion. Benefits were driven more 
by improved assistance and 
information for students than by 
the development of cognitive or 
noncognitive skills. —BW 

Amer. Econ. Rev. (2023) 
https://www.aeaweb.org/ 
articles?id=10.1257/aer.20200847 
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INTRODUCTION: Inheritance of chromatin struc- 
ture during cell division is essential for genome 
integrity and epigenetic inheritance. DNA repli- 
cation disrupts parental nucleosomes, and 
nascent nucleosomes must be assembled on 
replicated DNA. Half of the histones for the 
replication-coupled nucleosome assembly are 
of parental origin, and the other half are newly 
synthesized. Chromatin assembly factor-1 (CAF-1) 
is an evolutionarily conserved heterotrimeric 
protein complex responsible for the deposition 
of newly synthesized histones H3 and H4 onto 
DNA. A mechanistic understanding of the struc- 
ture and function of CAF-1 is needed to fully com- 
prehend the principles of chromatin inheritance. 


CAF-1-H3-H4 


H3-H4 tetramer 
(modeled) 


RATIONALE: We determined the crystal struc- 
ture of the core domain of human CAF-1 in the 
absence of histones and used cryo-electron 
microscopy (cryo-EM) to solve the structure 
of CAF-1 bound to histones H3 and H4. Struc- 
tural findings were corroborated with in vitro 
supercoiling assays and in vivo nascent nu- 
cleosome mapping analyses. We also investi- 
gated the handedness of the nucleosome 
precursor assembled by CAF-1 using a single- 
molecule freely orbiting magnetic tweezer 
(FOMT) method. 


RESULTS: The crystal structure of the CAF-1 
core domain shows that, in the absence of his- 


CAF-1—bound 
right-handed ditetrasome 


Two H3-H4 dimers 


Structures of CAF-1 with and without histones H3 and H4 bound. (Top middle) A 3.5-A crystal structure of the 
core domain of CAF-1. Distinct subunits are labeled and color coded as indicated. The light pink segment with a 
dashed outline indicates disordered ED loop of p150. (Top left) A 3.5-A cryo-EM structure of CAF-1 bound to a 
heterodimer of H3 (blue) and H4 (green). The light blue segment with a dashed outline indicates the disordered 
H3 loop that connects a short N-terminal segment and the body of H3. (Bottom left) A 4.6-A cryo-EM map of a 
2:2 CAF-1-H3-H4 complex in which CAF-1 subunits are colored gray. The graphic to the right of the arrow is a top 
view of the 2:2 dimer with CAF-1 omitted for viewing clarity. It shows the positioning of two H3-H4 heterodimers, 
shown in densities, in the 2:2 complex, compared with those in an H3-H4 tetramer, which is modeled by placing a 
fictitious H3-H4 dimer (ribbon representation) next to an observed one. (Top right) A 3.8-A cryo-EM map of the 
CAF-1—bound right-handed ditetrasome compared with the left-handed DNA wrapping of a nucleosome core particle 


(NCP) schematically drawn at the bottom right corner. 
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p48 and p60 subunits freely tethered by 
middle domain of the p150 subunit. Upon 
the binding of an H3-H4 heterodimer, p48 and 
p60 hug the opposite ends of the elongated 
H3-H4 heterodimer, whereas the negatively 
charged ED loop of p150 secures the binding 
by traversing the hunched positively charged 
surface of the H3-H4 dimer. The C-terminal 
portion of the ED loop plays a particularly im- 
portant role in CAF-1’s histone binding and 
nucleosome assembly activities, as shown by 
in vitro histone binding and plasmid supercoil- 
ing assays, as well as in vivo nucleosome as- 
sembly analysis. The observed histone binding 
mode ensures that only one H3-H4 hetero- 
dimer is bound by a CAF-1 complex because the 
joining of a second H3-H4 dimer in the manner 
of a H3-H4 tetramer would be sterically pro- 
hibited by p60, which suggests that formation 


of an H3-H4 tetramer is regulated. A p60 can- ~- 


cer mutation located at the interface with H4 
is shown to have a detrimental effect in cell 
proliferation and cause a global change of gene 
expression. These effects likely reflect CAF-1’s 
functions in chromatin accessibility and het- 
erochromatin integrity. 

We demonstrate that the addition of short 
DNA oligomers promotes the dimerization of 
the CAF-1-H3-H4 complex. A cryo-EM struc- 
ture of a 2:2 CAF-1-H3-H4 complex shows that 
the two H3-H4 heterodimers are placed nearby, 
with the H3 dimerization interface poised for 
interaction but not quite in the geometric con- 
figuration of an H3-H4 tetramer. Given that 
longer DNA fragments wrap H3-H4 as tetra- 
mers, the length of DNA may be a key factor in 
the CAF-1-mediated formation of H3-H4 tetra- 
mers. With a 147-base pair (bp) nucleosome- 
positioning Widom 601 DNA, we found that a 
right-handed CAF-1-bound ditetrasome was 
assembled through salt dialysis. This discovery 
was confirmed by single-molecule FOMT at a 
physiological salt concentration, indicating a 
possible unusual nucleosome precursor in chro- 
matin replication. 


CONCLUSION: Our study reveals the histone 
binding mode of CAF-L It also elucidates the role 
of DNA in the dimerization of the CAF-1-H3-H4 
complex and the assembly of H3-H4 tetramers 
and suggests the involvement of a right-handed 
nucleosome precursor in replication-coupled 
nucleosome assembly. 
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Na Yang?, Mingzhu Wang‘, Juan Yu’, Peini Hou?, Kangning Zeng”, Zhenyu Li®, Zhuqiang Zhang’, 
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Chromatin inheritance entails de novo nucleosome assembly after DNA replication by chromatin 
assembly factor-1 (CAF-1). Yet direct knowledge about CAF-1’s histone binding mode and nucleosome 
assembly process is lacking. In this work, we report the crystal structure of human CAF-1 in the 
absence of histones and the cryo-electron microscopy structure of CAF-1 in complex with histones H3 
and H4. One histone H3-H4 heterodimer is bound by one CAF-1 complex mainly through the p60 subunit and 
the acidic domain of the p150 subunit. We also observed a dimeric CAF-1—-H3-H4 supercomplex in which 
two H3-H4 heterodimers are poised for tetramer assembly and discovered that CAF-1 facilitates right-handed 
DNA wrapping of H3-H4 tetramers. These findings signify the involvement of DNA in H3-H4 tetramer 
formation and suggest a right-handed nucleosome precursor in chromatin replication. 


he basic unit of chromatin is the nucleo- 

some core particle (NCP), which consists 

of ~147 base pairs (bp) of DNA wrapped 

around an octamer of histones H3, H4, 

H2A, and H2B in a left-handed form (1). 
During DNA replication, nucleosomes are first 
disassembled to allow the progression of the 
replication fork and then reassembled to pack- 
age newly synthesized DNA into chromatin 
(2, 3). Half of the histones for nucleosome as- 
sembly are of parental origin, and they are 
segregated onto two nascent DNA duplexes, 
mostly in the form of H3-H4 tetramers (4-6). 
The other half of the histones are newly syn- 
thesized in S phase of the cell cycle and are 
deposited onto DNA in a stepwise process 
known as de novo assembly, in which newly 
synthesized histones H3 and H4 are first de- 
posited onto DNA to form tetrasomes, followed 
by the addition of two histone H2A-H2B dimers 
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to form the NCP. The evolutionarily conserved 
chromatin assembly factor-1 (CAF-1) complex 
is responsible for DNA replication-coupled 
nucleosome assembly, which is essential for 
genome integrity and epigenetic inheritance 
(7-9). Despite much progress, further break- 
throughs in structure and function studies of 
CAF-1, including its histone binding mode, are 
needed to fully comprehend the mechanism 
by which chromatin is faithfully inherited. 

CAF-1 was discovered based on its ability to 
promote de novo nucleosome assembly during 
in vitro replication of SV40 DNA templates (7). 
It binds newly synthesized H3.1-H4 histones 
and facilitates their deposition at the replica- 
tion fork during S phase in cooperation with 
histone H3-H4 chaperone ASF1 and the rep- 
lication processivity factor proliferating cell 
nuclear antigen (PCNA) (70-13). Human CAF-1 
is essential for replication-coupled chromatin 
assembly in vivo (14), but disruption of the cor- 
responding yeast complex does not obviously 
affect cell growth (15, 16). This is likely due to 
the presence of alternative chromatin assem- 
bly pathways in yeast (12, 13, 17-19). Addition- 
ally, CAF-1 plays important roles in chromatin 
repair after ultraviolet light-induced DNA dam- 
age (20, 21) and in cell fate determination and 
maintenance (2, 22). 

Human CAF-1 is composed of p150 (CHAFIA), 
p60 (CHAFIB), and p48 (RBBP4/RbAp48) sub- 
units (9, 23). p150 contains various motifs for 
interacting with the replication machinery and 
chromatin factors, including the DNA-binding 
KER and WHD domains and the highly acidic 
ED region that is implicated in histone bind- 
ing (21, 24, 25) (Fig. 1A). The N-terminal region 
of p150 was shown to be dispensable, whereas 
the middle and the C-terminal regions are im- 
portant for binding histones and p60, respec- 
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tively (9). Both the p60 and p48 subunits are 
WD40-repeat proteins that are known to form 
a B-propeller scaffold (Fig. 1A). p60 plays im- 
portant roles in DNA synthesis and repair and 
participates in the progression of various malig- 
nancies (26-28). It contains a C-terminal ASF1- 
interacting motif (B domain) that may facilitate 
the transfer of H3-H4 to CAF-1 (29). Impor- 
tantly, p60 directly binds H3-H4 and is required 
for CAF-1’s nucleosome assembly activity (9, 30). 
p48 is a versatile histone H3-H4 chaperone 
found in numerous histone-modifying enzymes 
and nucleosome-remodeling complexes (23, 37). 
It is conceivable that it may couple CAF-1’s 
function in nucleosome assembly with the in- 
stallation of histone modifications (32, 33). 
Until now, inadequate knowledge about the 
structure of CAF-1 severely limited mechanistic 
understandings of de novo nucleosome assem- 
bly (30, 34-36). In this work, we have deter- 


mined the crystal structure of the human CAF-1_ ~ 


core complex and cryo-electron microscopy 
(cryo-EM) structures of CAF-1 bound to H3-H4. 
Interestingly, we also observed a complex of 
CAF-1 bound to a right-handed H3-H4 dite- 
trasome, implicating an unexpected step in 
nucleosome assembly. 


Results 
Overall structure of the CAF-1 complex 


We first tried to crystallize the CAF-1 complex 
with full-length p150 or its truncation variants 
p150M, which contains the middle domain 
encompassing the ED region and its N- and 
C-terminal flanking regions (NTR and CTR, 
respectively), and p150L, which has a longer 
C-terminal extension (Fig. 1A). These com- 
plexes were coexpressed in insect cells and 
purified to apparent homogeneity (Fig. 1B), 
but only the complex with p150M, p60 with a 
C-terminal 140-residue deletion (p60AC), and 
full-length p48, termed CAFI-MC was crystal- 
lized. Three structures from distinct crystal forms 
(C222,, C2, and P2,) at 3.4- to 3.6-A resolutions 
were solved (fig. SIA and table S1), and they all 
have a 1:1:1 subunit stoichiometry. p150M exhib- 
its an extended conformation, with its ordered 
portions of NTR (residues 463 to 606) and CTR 
(residues 658 to 713) binding p48 and p60, re- 
spectively (Fig. 1C). An ~50-residue region con- 
necting the NTR and CTR is disordered, and this 
results in an ambiguity in distinguishing two 
crystallographically equivalent models (Fig. 1C 
and fig. SIB). In model 1, the p48 and p150 NTR 
globular module makes little contact with the 
p60-p150 CTR module (Fig. 1C); in model 2, the 
two modules are close together, and an NTR 
segment (residues 524 to 542) interacts with 
p60 (fig. SI, B and C). Glutathione S-transferase 
(GST)-pulldown results show that the p150 
NTR and CTR fragments only pulled down p48 
and p60 separately (fig. SID), thus disfavoring 
the model 2 packing. Thus, we used model 1 for 
further analysis. 
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Fig. 1. Crystal structure of CAF-1. (A) Domain structures of CAF-1 subunits. The core domains of p48, 
p150, and p60 are colored amber, magenta, and cyan, respectively. Line segments that are colored the 
same as the protein domains indicate protein fragments used in this study. Dashed lines indicate protein 
regions involved in pairwise interactions. (B) Coomassie blue-stained SDS-polyacrylamide gel electropho- 
resis (SDS-PAGE) analysis of purified recombinant CAF-1 complexes. Displayed are CAF1-FC; CAF1-LC, 
containing p150L, p60AC, and p48; and CAF1-MC, containing p150M, p60AC, and p48. (C) Crystal structure 
of CAF-1. Different subunits are colored according to the scheme in (A), and the orange dashed line denotes 
the disordered ED domain of p150. The seven blades of the p48 and p60 8 propellers, from the N- to 
C-terminal direction, are numbered from 1 to 7. Four strands in each blade are numbered from £1 to B4, as 


illustrated in blade 1 of p60 and blade 3 of p48. 


The p150 NTR is anchored to two disjoint 
surface patches on p48. One p150 binding 
region occupies a large surface area on the 
wider base of the p48 B propeller, termed the 
dorsal face (Fig. 1C). The N-terminal portion of 
p150 NTR, which encompasses residues ~463 
to 533 and is designated NTR1, is composed of 
a short B strand (81), two o helices (a1 and @2), 
and irregular loop segments. NTR1 does not 
have a compact core, and it snakes across the 
dorsal surface of p48 mainly through hydro- 
phobic interactions. The second p48-interacting 
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region of p150 NTR, called NTR2, approxi- 
mately spans residues 548 to 606 and is con- 
nected to NTR1 by an ~15-residue linker that is 
not interacting with either p48 or p60. NTR2 
contains two short a helices (0.3 and a4) and a 
pair of short B strands (83 and B4). NTR2 in- 
teracts with p48 through parallel 8 pairing 
between its B3 and the outmost strand of p48’s 
blade 7, as well as through its 83-84 and B4-a4: 
loops, which are arranged like a pair of claws, 
gripping on the C-terminal portion of the aN 
helix of p48 (Fig. 1C). The combined interactions 
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through NTR1 and NTR2 stably anchor the 
NTR of p150 onto p48. 

p60 is a seven-bladed B propeller charac- 
terized by a long B-hairpin insertion between 
64: of blade 4 and £1 of blade 5 on the ventral 
surface, a long B-loop insertion between $1 and 
62 of blade 6, and a long C-terminal tail that 
traverses the dorsal surface of the B propeller 
(Fig. 1C). The CTR of p150 interacts with p60 
through two a helices (05 and a6) and two B 
strands (B86 and £7), whereas its 85 makes an 
intramolecular f pairing with 82 of NTR. a5 of 
p150 CTR interacts with p60 mainly through 
polar interactions with three loop segments of 
p60 that line the ventral edge of the B propel- 
ler. The 86-06-87 cassette of p150 CTR makes 
extensive interactions with blades 5 and 6 of 
the p60 8 propeller, with 86 and B87 making 
antiparallel 8 pairings with 84 strands of blade 
6 and blade 5 of p60, respectively, whereas a6 


and its flanking loop segments primarily inter- - 


act with blade 6 (Fig. 1C). 

The bilobal organization of the CAF-1 core 
complex indicates considerable conformational 
plasticity between the two globular modules, 
suggesting that dynamic relative positioning of 
p48 and p60 may be intrinsic to CAF-1’s histone 
binding and nucleosome assembly activities. 


Structure of CAF-1 bound to histone H3-H4 


Extensive cocrystallization trials of H3-H4 with 
full-length and truncation mutants of CAF-1, 
which were tested by GST-pulldown and DNA 
supercoiling assays (fig. S2), were unfruitful. 
We then resorted to single-particle cryo-EM 
for structure determination and succeeded in 
determining the structures of the full-length 
CAF-1 complex (CAFI-FC) and CAF1-LC, a CAF-1 
complex consisting of p150L that includes the 
WHD domain, full-length p48, and p60AC 
(Fig. 1B and fig. S2B), bound to a heterodimer 
of histones H3-H4 at 3.6- and 3.8-A resolu- 
tions, respectively (figs. S3 and S4 and tables 
$2 and S3). Representative EM map sections 
of various parts of the 3.8-A structure are 
shown in fig. S5. The two structures are highly 
similar in ordered regions and their spatial 
arrangements; their EM maps can be super- 
imposed with a correlation coefficient of 
0.976, and the datasets can be combined to 
yield a map of 3.5 A (fig. S4 and table S3). 
Henceforth, instead of specifying the struc- 
tures determined using the full-length CAF-1 
complex (CAF1-FC) or the longer fragment 
CAF-1 complex (CAF1-LC), we will collectively 
refer to the two structures as CAF-1 for clarity 
of description, unless explicitly noted. In the 
structure, only the core region of p150, ap- 
proximately spanning residues 491 to 713, and 
the WD40 domains of p60 (residues 1 to 392) 
and p48 (residues 11 to 411) are ordered (Fig. 2, 
Aand B), generally corresponding to the CAF-1 
core in the crystal structures. No densities for 
other parts of CAF-1 can be located, indicating 


2 of 16 


RESEARCH | RESEARCH ARTICLE 


Fig. 2. Cryo-EM structure of A 
CAF-1 bound to H3-H4. (A) Front 
(top) and back (bottom) views of 
the density map, which is 
sharpened with a B-factor of 

-144 A? and contoured at 4.0c. 
CAF-1 subunits are colored the 
same as in Fig. 1C, and H3 and 

H4 are shown in dark blue and 
green, respectively. (B) A cartoon 
model of the CAF-1-H3-H4 complex 
structure in the front view. p150 is 
highlighted with the superposition 
of a semitransparent surface repre- 
sentation of the density. Disordered 
internal loops are represented 

with dashed lines. (€) A back view 
of the superimposed apo crystal 
structure and the H3-H4—bound 
cryo-EM structure of CAF-1 through 
alignment of p60. The crystal 
structure is colored with p150 in 


the cryo-EM structure is colored 
the same as in (B). Histones H3-H4 
are represented by a pale bicolor 
ellipse for viewing clarity. Paired 
arrow lines indicate the relocation of 
the same structural elements of 
p150 and p48 in the two structures. 
Transformation of the 85-a5 unit 
of p150 in the crystal structure into 
part of a5B in the cryo-EM struc- 


H3 N-terminus 


ture is indicated by a dashed arrow arc. See also movie S1. (D) An overview of the interaction between CAF-1 and histones H3-H4. The exposed histone H3-H4 tetramerization 
interface is indicated by the black triangle. (E) A schematic drawing depicting the overall features of H3-H4 binding by CAF-1. 


that they are flexibly positioned relative to the 
CAF-1 core and that their interactions with 
H3-H4, if any, are dynamic and/or heteroge- 
neous. There is also no density for a 30-bp 
DNA oligomer (DNA3,), which was added as a 
buffering reagent to alleviate histone precipi- 
tation at low-salt concentrations during cryo- 
EM sample preparation. 

All three subunits of CAF-1 are involved in 
direct interaction with the H3-H4 heterodimer 
(Fig. 2, A and B). Compared with the crystal 
structure, the p48 and p60 modules showed 
little changes, but a large rearrangement of 
their relative positioning occurred (Fig. 2C and 
movie S1). Superimposing p60 from the two 
structures as a reference, p48 is rotated and 
located further away from p60 in the apo crys- 
tal structure than in the complex with H3-H4. 
For example, two p150 a4s from the two struc- 
tures are located ~70 A apart (Fig. 2C and 
movie S1). Through this substantial conforma- 
tional change upon H3-H4: binding, the NTR1 
region of p150 that interacted with p48 be- 
comes largely disordered, with only a portion 
of a1 remaining visible. The linker between 
NTR1 and NTR2 is also disordered, but NTR2 
binds p48 in the same manner as in the apo 
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structure (Fig. 2B). The ~50-residue loop con- 
necting NTR and CTR of p150, including the 
highly negatively charged ED loop, becomes 
ordered upon H3-H4 binding (Fig. 2A and 
fig. S5B). Within the CTR region of p150, the 
66-06-87 cassette bound p60 essentially the 
same in the two structures (Fig. 2C). However, 
£5 is dissolved and joins a5 to form a longer 
a5B helix that orients in a direction opposite to 
the original «5 and rests on top of the ventral 
surface of p60, together with a newly ordered 
a5A that lies antiparallel to a5B (Fig. 2C and 
fig. S5B). 

The ordered H3 regions include residues 1 to 
11 and 36 to 134, whereas those of H4 include 
residues 21 to 101 (Fig. 2B and fig. S5B). With 
the exception of the first 11 residues of H3, 
which bind p48 in the same manner as they 
bind to other RbAp46/48 homologs (33), H3- 
H4 binds CAF-1 in a new fashion. H3-H4 is 
stably positioned above the ventral surface of 
the p60 propeller by means of extensive inter- 
actions involving H4’s C-terminal part, from 
the penultimate turn of a2 (Tyr’”) onward 
(Fig. 2D). Furthermore, an H3 region encom- 
passing residues 40 to 55, which includes a 
partially unfolded aN, wraps around a contig- 
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uous perimeter margin of the p60 B propeller 
spanning blades 6, 7, and 1. With p150’s NTR 
and CTR firmly anchored on p48 and p60, re- 
spectively, the ED domain of p150 adopts an 
extended conformation and binds H3-H4 by 
traversing the positively charged convex sur- 
face of H3-H4 that is formed by the a1 helices 
of H3 and H4 (Fig. 2D). The newly formed a5A 
and o5B of p150 are positioned above the ven- 
tral surface of p60 and contact the «2-03 loop 
of H4, the al-a2 loop, and the partially un- 
folded aN region of H3. Intuitively, one may 
imagine that CAF-1 subunits house the bind- 
ing of H3-H4 like a car seat (Fig. 2E), with the 
ventral surface of p60 as the seat, the long 
positively charged ED loop of p150 as the seat- 
belt, a5A and o5B of p150 as the guardrail, and 
the side of p48 as the headrest, against which 
the C-terminal end of H3’s a2 and the al-a2 
loop of histone H4 rest. 


Interaction between p150 and histones H3-H4 

The ED loop of p150 (residues 601 to 632) in- 
teracts extensively with both histones H3 and 
H4 (Fig. 2D). The rest of the interaction mainly 
involves a5A and a5B, which are located im- 
mediately C-terminal to the ED loop. Two-thirds 
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of the ED-loop residues are negatively charged, 
and they interact with H3-H4 following a trail 
of positively charged residues located on the 
curved back of the H3-H4 heterodimer, which 
is mainly formed by the a1 helices of H3 and 
H4 that are normally involved in binding DNA 
in the nucleosome (Fig. 3A). The charge inter- 
action between the ED loop of p150 and H3-H4 
is somewhat reminiscent of that between the 
histone chaperone domain of MCM2 and H3- 
H4 (fig. S6A) (37-39), indicating a common 
strategy for safeguarding H3-H4 from pro- 
miscuous interaction with DNA during DNA 
replication. The vast overlapping binding area 
of CAF-1 and MCM2 on H3-H4 may protect 
their binding fidelity toward nascent and pa- 
rental histone H3-H4s, respectively (40). 

The main-chain model of the 32-residue, 
surface-exposed ED loop fits the continuous 
cryo-EM map well, but weaker side-chain den- 
sities limited precise identification of specific 
interactions between the ED loop and histo- 
nes H3-H4 (fig. S5B). To circumvent this prob- 
lem, we carried out bloc mutations on both the 
ED loop and histones to test their interactions. 
The N- and C-terminal halves of the ED loop, 
ED-NI (residues 601 to 617) and ED-C1 (resi- 
dues 618 to 632), and a longer C-terminal frag- 
ment, ED-C2 (residues 617 to 646) that includes 
a5A, were replaced with equal-length GS linkers, 
which are tandem penta-peptide repeats con- 
sisting of four contiguous glycine residues and 
a serine (Fig. 3A). Helix a5A interacts with the 
al-a2 loop of H3 and the a2-a3 loop of H4 (Fig. 
2D). GST-pulldown (Fig. 3B) and in vitro super- 
coiling (Fig. 3C and fig. S6B) assays showed 
that the ED-C1GS and ED-C2GS substitutions 
weakened the histone binding and nucleosome 
assembly abilities of CAF-1, to degrees comparable 
to that when the entire ED-loop was substituted 
(EDGS), whereas the ED-NI1GS substitution dis- 
played less appreciable effects. Amino acid sub- 
stitution of four negatively charged residues in 
ED-Cl [denoted 4mut, with substitutions E628K 
(Glu**— Lys), D629N, E630K, and D632G] dis- 
played even weaker effects in the GST-pulldown 
and supercoiling analyses (Fig. 3, B and C). 
Furthermore, because ED-N1 mainly interacts 
with histone H4 and ED-C1 and ED-C2 with 
H3 (Fig. 3A), we probed reciprocal interactions 
using H3 and H4 mutants. Alanine substitu- 
tions of the ED loop-interacting residues Arg®, 
Are®, and Arg®’ of histone H3 (H3-3A) and 
Are*, Are”, and Lys** of histone H4 (H4-3A) 
were generated, and the H3-3A and the com- 
bined H3-3A H4-3A (6A) mutant complexes 
exhibited weakened binding to CAF-1 compared 
with the wild-type (WT) H3-H4 complex, where- 
as the H4-3A complex only displayed subtle 
effects (fig. S6C). These results support the 
structural model of p150-histone interaction 
and highlight the importance of the interac- 
tion between the C-terminal portion of the ED 
loop and histone H3. 
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CAF-1’s replication-coupled (RC) nucleosome 
assembly activity directly affects nucleosome 
occupancy behind the replication fork and is 
also required for optimal gene silencing and 
S phase progression (14-16, 41). Therefore, we 
used two methods to analyze the cellular ef- 
fects of relevant CAF-1 mutants: (i) a modified 
ReIN-Map (replication-intermediate nucleo- 
some mapping) method combined with MINCE- 
seq [mapping in vivo nascent chromatin with 
5-ethynyl-2'-deoxyuridine (EdU) sequencing] 
(42, 43) and (ii) transcriptome analysis together 
with a cell proliferation assay. We first estab- 
lished p150 and p60 auxin-inducible degron 
(AID) HAP1 cell lines by CRISPR-Cas9-mediated 
knock-in, with which the AID-tagged p150 or p60 
proteins could be degraded within hours after 
5-phenyl-indole-3-acetic acid (5-Ph-IAA) treatment 
(44) (fig. S6D). We then introduced doxycycline- 
inducible exogenous p150 constructs into the 
p150-AID cell line by lentiviral transduction (fig. 
S6E). The cells cannot survive prolonged p150 
depletion by treating with the auxin analog 
5-Ph-IAA (6 days), and we found that the p150 
ED-loop replacement mutants affect cell prolif- 
eration to degrees analogous to the levels to 
which they influence histone binding, with the 
4mut substitution mutant showing the least 
growth defect (Fig. 3D). Analysis of RC nucleo- 
some assembly was performed following a 
procedure schematically outlined in Fig. 3E. 
Analyses of EdU-labeled nucleosome occupan- 
cies surrounding transcription start sites (TSSs) 
and CTCF-binding sites showed again that the 
p150 ED-loop mutants differentially affect RC 
nucleosome assembly in a manner dependent 
on their histone binding abilities (Fig. 3F). By 
comparison, steady-state nucleosome occu- 
pancy is little affected (fig. S6F). Depletion of 
the CAF-1 subunits has been well documented 
to induce derepression of silenced genes, likely 
because of impairment of heterochromatin 
formation (16, 45). Therefore, gene derepression 
analysis is a good surrogate for CAF-1 func- 
tion in chromatin assembly. RNA sequencing 
(RNA-seq) analyses revealed that induced de- 
gradation of p150 leads to elevated expression 
of ~2500 genes, in contrast to the ~250 down- 
regulated genes, which is consistent with the 
functional role of CAF-1 in heterochromatin 
formation and silencing. Rescue with exog- 
enous WT p150 restored ~80% of expression 
patterns of WT AID cells (fig. S6G). The C1GS, 
C2GS, and EDGS mutants showed obvious de- 
fects (~30 to 40%), whereas the 4mut substi- 
tution mutant functioned nearly as well as the 
WT pi50 (fig. S6G). 


p60-histone interaction and implication for 
oligomeric states of H3-H4 


p60 interacts with H3 and H4 primarily through 
its ventral surface area. The central area of 
the ventral surface is enriched with negatively 
charged residues, together with several tyrosines 
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and a phenylalanine. It hosts extensive in- 
teractions with H4 residues located at the 
C-terminal end of a2, the entire a3, and the 
following C-terminal tail (Figs. 2D and 4A). 
In particular, Tyr®* and Lys®, which are lo- 
cated on a3 of H4, insert into the central basin 
of the ventral surface of p60 (Fig. 4A). Tyr®® 
is surrounded by hydrophobic residues Tyr’”’, 
Tyr’, and Phe*”* of p60, whereas Lys” is po- 
sitioned within bonding distances from Asp*° 
and Asp“ of p60. Recurrent missense muta- 
tions of H4 residues Lys®, Tyr®®, and His”, 
which are all located on the interface with 
p60, are found in a neurodevelopmental syn- 
drome (46), whereas an Asp-to-Asn substitu- 
tion of Asp*° (D86N) of p60 is found in somatic 
cancer mutations tabulated in the Catalogue 
of Somatic Mutations in Cancer (COSMIC) data- 
base. GST-pulldown and supercoiling assays of 
the p60 D86N mutant complex of CAF-1 showed 
no obvious defects (fig. S7, A and B), likely be- 
cause, owing to the extensive p60-H4 interac- 
tion, a single D86N change is not sufficient to 
yield detectable effects in vitro. Nevertheless, 
we examined the cellular effect of this muta- 
tion using the p60 AID cell line (figs. S6D and 
S7C). The p60 D86N mutant caused a severe 
growth defect (Fig. 4B), suggesting its func- 
tional importance. Induced degradation of 
p60 increased the expression of 681 genes (Fig. 
4C). The differential effects in cell growth and 
gene expression between the WT and D86N 
p60 may be largely attributed to the amino 
acid difference, because WT and D86N p60, 
and also p150, were expressed at comparable 
levels (fig. S7C), notwithstanding the reduction 
of p150 upon p60 degradation in the absence 
of exogenous p60 (fig. S6D), as also previously 
reported (47, 48). Of the up-regulated genes 
from p60 degradation, 87% coincide with those 
from p150 degradation, consistent with their 
shared function in the same protein complex. 
Even those genes not belonging to the com- 
mon set changed in the same direction (fig. 
S7D). Finally, ReIN-Map analysis revealed no 
obvious change by the p60 D86N mutation 
(fig. S7E), suggesting possible involvement in 
chromatin accessibility and heterochromatin 
integrity (16, 45, 47, 49, 50). 

Besides H4, a partially unwound aN of H3 
lies in a negatively charged channel on the p60 
surface, with H3 Tyr™ interacting with Tyr™®, 
Asp**’, and Tyr? and H3 Arg*® contacting 
Glu’ and Tyr®®’ of p60 (Fig. 4D). The H3 loop 
segment spanning residues 40 to 48 binds a 
positively charged surface patch located at the 
edge of the ventral surface of p60. In this bind- 
ing manner, the dimerization interface of his- 
tone H3 is fully exposed (Fig. 2D). However, 
binding to an H3-H4 tetramer is prohibited, 
owing to steric clashes between p60 and his- 
tone H4 from a modeled second heterodimer 
(Fig. 4E). These observations reveal a mecha- 
nism of safeguarding premature H3-H4 tetramer 
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Fig. 3. Interaction between p150 and histones H3-H4. (A) Detailed view of the 
interaction between the ED domain of p150 and histones H3-H4. Shown at the 
top is the amino acid sequence of the ED domain, with acidic residues colored in 
red, and the designation of different fragments for functional analyses. Shown 

at the bottom is the interaction between key acidic residues in the ED domain 

of p150 and H3-H4. D, Asp; E, Glu: G, Gly; K, Lys; R, Arg. (B) Pulldown of H3- 
H4 with GST-tagged CAF1-MC complexes with an intact p150M or mutants 
substituting the ED-domain fragments in (A) with equal-length GS linkers; 

for example, NIGS and EDGS mutants substitute the N1 fragment and the entire ED 
domain with GS linkers, respectively. 4mut represents the E628K/D629N/E630K/ 
D632G quadruple mutation in p150M. Pulldowns were performed at 1 M NaCl and 
analyzed by Coomassie blue-stained SDS-PAGE. The asterisk indicates an unidentified 
contaminant band. (€) Supercoiling assay of in vitro nucleosome assembly by CAF-1. 
X174 DNA (lane 1) was treated with DNA topoisomerase | (Topo |, lane 2) and 
incubated with H3-H4 only (lane 3) or increasing amounts (0.1 and 0.2 1g) of WT or 
indicated mutants of CAF1-MC (lanes 4 to 15), together with 0.1 ug of H3-H4 and 0.1 ug 
of relaxed @X174 DNA. R and S at the left indicate the position of relaxed and 
supercoiled DNA, respectively. Input protein samples are shown in fig. S6B. (D) Cell 
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proliferation activities of WT p150 or its mutants in p150-AID cells, which were first 
treated with doxycycline (Dox) to induce the expression of exogenous p150 constructs. 
5-Ph-IAA was added 24 hours after Dox treatment. Cell viability was measured by 
CellTiter-Glo after 7 days of Dox treatment. Error bars represent SEM calculated from 
three biological replicates. Two-way analysis of variance (ANOVA) with Sidak test 
was used to calculate the p values shown at the top of the figure. (E) Schematic of 
the RelN-map and MNase-seq protocol. Cells were treated with Dox, Auxin, and 
EdU at the indicated time points, and chromatin was cross-linked and sheared 
either by MNase digestion or sonication. DNA of MNase-treated samples was 
extracted and ligated with next-generation sequencing (NGS) adaptors, and the 
MNase-seq signals reflect the steady-state nucleosome occupancy. For RelN-map, 
DNA of MNase-treated and corresponding sonication-sheared samples were 
extracted and ligated with NGS adaptors. EdU-labeled newly replicated regions were 
biotinylated and separated with streptavidin beads. The RelN score was derived by 
dividing the MINCE-seq signals by the Sonication-seq signals. (F) The RelN scores for 
regions around the TSSs (left) and the CTCF-binding sites (right) are shown. The CTCF 
chromatin immunoprecipitation sequencing (ChIP-seq) data are from the Gene 
Expression Omnibus (GEO; GSM4640493) (81). 
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Fig. 4. Interactions between p60 and histone H3-H4. (A) Histone H4—p60 interaction at the center of the 


ventral surface of p60. Involved residues are shown in a 


stick model. Magenta dashed lines indicate potential 


hydrogen bonds. Tyr®* of H4, which is situated in the central basin of the ventral face of p60, is superimposed 
with a dots model. F, Phe; P, Pro; Q, Gln; Y, Tyr. (B) Cell proliferation activity of WT p60 and the D86N 
mutation assayed in the same was as in Fig. 3D. Error bars represent SEM from three biological replicates. 


(C) Heatmaps showing differentially expressed genes 


(DEGs) in p60-depleted and rescued cells versus 


WT-AID HAPI cells. Two biological replicates were performed for each experiment. The bottom panel shows the 
rescue ratios of transcriptional changes, which is defined as 1 — [#(ANB)]/[#(A)], where A is the set of DEGs 
from p60 depletion and B is the set of DEGs from rescue expression of WT or D86N p60 constructs. The 

# function gives the number of genes in the set. (D) Interaction between histone H3 (dark blue) and p60. Histones 
H3-H4 are drawn in a cartoon model, with involved H3 residues depicted in a stick model. p60 is shown in a 
surface model colored according to electrostatic potential (negative, red; neutral, white; positive, blue) with the 
display range of -3 to +3 kgT/e, where kg is the Boltzmann constant and T and e are the temperature and 
electron charge in SI units, respectively. (E) Docking of a second CAF-1-H3-H4 complex (p60', orange; H3’, light 


blue; H4', light green) to model the formation of a H3-H 


4 tetramer between the H3'-H4' heterodimer and the 


H3-H4 heterodimer from the first CAF-1-H3-H4 complex, which is colored as in Fig. 2B, results in steric clashes 


between H4' and p60 (indicated with a dashed oval), an 


id p60’ with p60 and H4. The black triangle indicates 


the H3-H3' dimerization interface. pl150 and p48 have been removed for viewing clarity. 


formation by a histone H3-H4 chaperone, which 
differs from the mechanisms of maintaining 
H3-H4 in a dimeric form through the blocking 
of the dimerization interface by other H3-H4 
chaperones (57). 

Assembly of two nascent H3-H4 dimers into 
a tetramer has important implications for epi- 
genetic inheritance, and the prevailing as- 


by two CAF-1 complexes will be spontaneously 
assembled into a tetramer (24). We observed a 
small percentage of particles with two CAF-1s 
bound to two H3-H4 heterodimers in the cryo- 
EM samples of both the LC and full-length 
complexes of CAF-1 bound to H3-H4 (figs. $3 
and S4). The cryo-EM map calculated from 
combining the CAF-1 LC and FC datasets has 


sumption is that H3-H4 heterodimers bound 
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an overall resolution of 4.6 A, allowing reliable 
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placement of two CAF-1-H3-H4 complexes 
(Fig. 5A and figs. S3 and S4). A SEC-MALS 
(size exclusion chromatography coupled to 
multiangle light scattering) analysis shows 
that the addition of 30-bp DNA, which was 
used in our cryo-EM sample preparation, pro- 
moted the dimerization of CAF-1-H3-H4 com- 
plexes, regardless of whether the MC, LC, or 
FC complex of CAF-1 was used (Fig. 5B and fig. 
S8). As in the cryo-EM reconstruction of the 
monomeric CAF-1-H3-H4 complex, we do not 
see the density of DNA here either. The struc- 
ture shows that a pseudo twofold symmetry 
relates the two CAF-1-H3-H4 complexes. In 
this arrangement, the two p60s are juxtaposed, 
and a positively charged surface patch located 
on the side of the p60 propeller, which is 
formed by residues from the loop segments 
C-terminal to the 64: strands of blades 1 and 2 
and the B3-B4 loop of blade 3, contacts the 


C-terminal portion of «2 of H4 from the other - 


complex (Fig. 5C). The homodimerization 
interface on two H3s are facing each other 
but not oriented in the same way as in an H3- 
H4 tetramer (Fig. 5D). The two H3-H4 hetero- 
dimers in the structure appear to be “nearly” 
able to form a tetramer, but it is obstructed 
by the presence of p60. A remodeling of the 
observed p60-histone interaction, perhaps 
with the help of a longer DNA, would fulfill 
the assembly of an H3-H4 tetramer, which is 
believed to be the unit for CAF-1 deposition 
(G):28,.52). 


CAF-1 facilitates the assembly of a 
right-handed ditetrasome 


Deposition of H3-H4 onto DNA by CAF-1 is 
believed to lead the formation of a tetrasome 
containing DNA and an H3-H4 tetramer. To 
gain further insights, we tried tetrasome as- 
sembly for structural characterization by salt 
dialysis in vitro. We initially dialyzed CAFI-LC, 
histone H3-H4, and a 147-bp Widom 601 DNA 
together from 2 M to 50 mM NaCl, and two 
major peaks, peak 1 and peak 2, appeared in 
cryo-EM sample preparation by GraFix (fig. 
S9A). From the peak 1 sample, the structures 
of a left-handed ditetrasome and a CAF-1- 
bound right-handed ditetrasome were deter- 
mined at 3.5- and 3.8-A resolutions, respec- 
tively (fig. S9, B to F; and table S2). The peak 
2 sample predominantly shows a right-handed 
ditetrasome bound by two CAF-1 complexes, 
and the structure was determined at 5.6 A 
(fig. S10 and table S2). The left-handed di- 
tetrasome structure is nearly identical to the 
recently reported H3-H4 octasome structure 
(53); hence, we will not discuss it further here. 
We then repeated the cryo-EM procedures using 
the full-length CAF-1 complex and obtained 
similar results (fig. S11 and table $3). Cryo-EM 
reconstructions of a right-handed ditetrasome 
with one and two CAF-1 bound were obtained 
at 3.8- and 6.6-A resolutions, respectively. Both 
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the one-CAF-1-bound and the two-CAF-1- 
bound ditetrasome structures from the LC and 
FC complexes of CAF-1 are highly similar (fig. 
S11, E and F). Therefore, we will use the struc- 
tures obtained from the CAF1-LC for the dis- 
cussion that follows. 

In the CAF-I-bound right-handed ditetra- 
some, a 108-bp DNA segment wraps around 
two overlapping H3-H4 tetramers ~1.5 times 
in a right-handed manner (Fig. 6A and fig. 
$12). Each H3-H4 tetramer binds DNA sim- 
ilarly to that in the nucleosome, except at the 
border of two tetramers, where the a2-03 ends 
of H4s from two tetramers move in opposite 
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istone H3-H4 of one CAF-1- 
shown as the electrostatic 


directions laterally and closer longitudinally 
(Fig. 6B). As a result, the N-terminal ends of 
H3 a2 and H4 a3 of the abutting H3-H4 hetero- 
dimers form the interface between two H3-H4 
tetramers (Fig. 6B). This dislocation at the in- 
terface of two H3-H4 tetramers is responsible 
for the right-handedness of the CAF-1-bound 
ditetrasome, which sees an opening of ~45 A 
between the two gyres of DNA situated dia- 
metrically from the tetramer-tetramer interface 
(Fig. 6A). The peculiar H3-H4 tetramer inter- 
face is stabilized by the binding of p60 to the 
nearby C-terminal portion of H4 a2 by means 
of the B propeller’s ventral surface edge span- 
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Tetramer 


H3’-H4’ 


potential surface (color range, -3 to +3 kgT/e). H3-H4 binds a positively charged region 
spanning blades 1 to 3 of p60’. (D) Two views of the mismatched 
areas, which are indicated by a pair of arrows labeled “two dimers,’ 
The two H3-H4 heterodimers from the cryo-EM structure are shown 
superposed with a magenta semitransparent density map. For comparison with the 
face-to-face placement of two H3 dimerization surfaces in a tetramer, an additional 
H3-H4 heterodimer (cartoon model with H3’ in bright orange and H4' in green cyan) 
is modeled onto one of the H3-H4 heterodimers in the 2:2 complex. The tetramer 
interface is indicated by a bidirectional arrow line labeled “tetramer.” 


H3 dimerization 
in the 2:2 complex. 
in a cartoon model 


ning blades 2 and 3 (Fig. 6C). Additionally, p60 
is stabilized on DNA through a positively charged 
surface area adjacent to its H4 binding region, 
spanning the contiguous ventral surface edge 
of blades 3 and 4. The DNA binding property of 
p60 was confirmed by an electrophoretic mo- 
bility shift assay (EMSA) (fig. S13A). Further- 
more, the aN helices of two centrally located 
H3s belonging to different H3-H4 tetramers 
became ordered and interacted with DNA, H4 
al of the same heterodimer, and H4 a2 from 
the nonadjacent heterodimer of the other H3- 
H4 tetramer (fig. S13B). The right-handed dite- 
trasome does not permit continuous addition 
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Fig. 6. CAF-1 induces right-handed DNA wrapping of H3-H4 in vitro. 

(A) Two views of the 3.8-A resolution cryo-EM structure of the CAF-1-bound 
right-handed ditetrasome. Shown at the top is a cryo-EM density map contoured 
at 3.0c. Regions for H3, H4, and DNA are colored according to the displayed 
color stripes, whereas that of p60 and p150 are colored as in Fig. 2A. Blades 1 
to 7 of p60 are labeled as Bl to B7. A black arrowhead marks the dyad 
position at the interface between two H3-H4 tetramers, Tetra-| and Tetra-ll. 
Shown at the bottom is a cartoon model of the structure. The two H3-H3 
interfaces within the two tetramers and the H4 interface between Tetra-l and 
Tetra-ll, which is highlighted in a circle, are labeled with arrows. The box in the 
right panel indicates the location of ordered aN of H3 in Tetra-| interacting 
with H4 of Tetra-ll. (B) A close-up view of the inter-tetrasomal interface 
corresponding to the encircled region in (A). (C) Interaction of p60 with one 
H3-H4 heterodimer and DNA at the inter-tetrasomal interface. The electrostatic 
potential surface of p60 (-3 to +3 kgI/e) is shown. The positively charged region 
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panning blades 2 to 4 contacts histones and DNA. (D) Schematic of the 
ingle-molecule FOMT for determining the handedness of DNA wrapping. The 
ockwise and counterclockwise circular arrows represent left- and right-handed 
turns from views looking down at the beads. (E) The top row shows the time 
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course of radial fluctuation (left) based on the position of the bead (x, y) (right) ¢ 
and normalized counts of the left panel with Gaussian fit (middle) of a single 
DNA tether over a time span of 300 s covering an assembly event signified by 
simultaneous changes of bead rotation angle 6 and extension length z shown 
below. The red circle in the right panel denotes the fitted overall circular motion 
of the bead. The middle row shows the time course of the bead rotation angle 6 
(left) and normalized distribution of 8 changes with Gaussian fit (middle) of a 
single event. Mean values of each assembly step are indicated with red line 
segments. The histogram in the right panel shows the distribution of rotational 
changes (A@) from 11 independent tetrasome assembly events. The count ratio 
is defined as the number of times that a specific size rotation was observed 
divided by the 11 total events (N = 11). The bottom row shows the time course of 
the extension length (z) of a single DNA tether (left), with the red line showing 
z values averaged over 50-ms intervals, and normalized counts shown in the 
left panel with Gaussian fit (middle) of the same event as described above. The 
right panel shows the distribution of Az values from the same 11 independent 
events as above displayed as a violin and box plot. The horizontal line represents 
the median, the height of the box extends the quartiles, and the whisker indicates 
the data range. 
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of H3-H4 tetramers because of steric clashes. 
Hence, discrete particles of ditetrasomes will 
be assembled on a long DNA. The extra den- 
sity bound to p60 is consistent with being 
the 86-06-87 cassette of p150 CTR, which oc- 
cupies the same location as p60 in the apo 
CAF-1 crystal structure and in the structure of 
CAF-1 bound to H3-H4; however, the rest of 
p150 and the entire p48 are missing (Fig. 
6A). This observation suggests sizable con- 
formational changes of CAF-1 upon deposi- 
tion of H3-H4 onto DNA. A 5.6-A resolution 
cryo-EM density map from the peak 2 sam- 
ple shows the presence of two chunks of 
density clinging to the right-handed ditetra- 
some (fig. S10 and table $2), suggesting sym- 
metric positioning of two p60-p150 units on 
both sides of the right-handed ditetrasome 
surface (fig. SIOE). Finally, another distinct 
class of particles from peak 2 has a bigger 
lump of density bound to one side of a right- 
handed ditetrasome, resembling the presence 
of both p48 and p60 WD40 domains, but the 
low resolution of the map prevents further de- 
tails from being elucidated (fig. S10C). 

A nucleosome assembly intermediate, termed 
chromatin precursor, that consists of CAF-1, 
replicated DNA, and H3-H4 was previously 
predicted (8). It is surprising that we find a 
CAF-1-bound right-handed DNA ditetrasome 
in our in vitro assembly by salt dialysis. To ex- 
clude the possibility of an artifact from salt 
dialysis, we used a single-molecule freely or- 
biting magnetic tweezer (FOMT) method to 
investigate the handedness of DNA wrapping 
at a salt concentration of 50 mM KCI. Our ex- 
perimental setup, analogous to that described 
in Vlijm et al. (54), is schematically shown in 
Fig. 6D. Observation of 11 independent assem- 
bly events shows that CAF-1 promoted right- 
handed DNA wrapping by an average of 0.9 
turns, concomitant with the reduction of the 
DNA extension length by an average of ~19 nm 
(Fig. 6E and fig. S14A). By contrast, yeast 
NAP! promotes left-handed DNA wrapping by 
an average of —0.9 turns, accompanied by the 
reduction of DNA extension of ~21 nm (fig. 
S14B). The latter result is consistent with a 
previous finding that NAP1-assembled tetra- 
somes are preferentially in a left-handed state, 
despite being able to spontaneously flip be- 
tween the two handedness states (54). We 
cannot clearly distinguish whether DNA wraps 
one or two H3-H4 tetramers because the dis- 
tribution of DNA extension change is quite 
broad, possibly indicating the existence of a 
mixture of tetrasomes and ditetrasomes. 


Discussion 


Our crystallographic and cryo-EM studies here 
reveal the long-anticipated structures of CAF-1 
in the absence and presence of histones H3- 
H4. The structures uncover substantial struc- 
tural plasticity and conformational dynamics 
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underlying CAF-1’s histone binding activity, 
and our biochemical, nucleosome assembly, 
and transcriptional analyses corroborate the 
structural findings that the ED domain of p150 
is crucial for H3-H4 binding. The structure of 
the 1:1 complex of CAF-1 and H3-H4 shows 
that the homodimerization interface of H3 is 
exposed, but formation of an H3-H4 tetra- 
mer is prohibited because of steric clashes 
with p60. This finding agrees with and pro- 
vides structural rationales to the recent results 
from biochemical analyses of the yeast com- 
plex (35, 52). 

Maintaining the integrity of parental and 
nascent H3-H4 tetramers during DNA repli- 
cation has important implications in epige- 
netic inheritance (4). Our observation that the 
ED domain of p150 binds the large H3-H4 
region that overlaps with the MCM2 binding 
site suggests a measure to segregate parental 
and newly synthesized H3-H4 (40). Assembly 
of H3-H4 tetramers from newly synthesized 
histones by CAF-1 is needed for proper chro- 
matin inheritance. Interestingly, we found that 
the two H3-H4 heterodimers bound by two 
CAF-1 complexes are not in a tetrameric con- 
figuration, indicating that the process of 
H3-H4 tetramer assembly may be regulated. 
Although the structure of the 2:2 complex was 
only determined at relatively low resolution, 
the model was reliably built with the help of 
the higher-resolution 1:1 complex structure. In 
the 2:2 complex, the two H3-H4 heterodimers 
are positioned with the H3 dimerization inter- 
faces next to each other, but their relative 
orientation and the distance between them 
deviate from that in an H3-H4 tetramer. It 
should be cautioned that our observation 
of the two H3-H4 dimers in the 2:2 complex 
does not exclude the possibility of a complex of 
CAF-1 with a H3-H4 tetramer that is not ob- 
served owing to low abundance or other con- 
ditions. For example, what we observed may 
represent a stable intermediate trapped under 
a specific condition, such as the DNA length 
used. In this arrangement, the spatial locations 
of the two p60s are the primary obstacle for 
aligning the two H3-H4 dimers for tetramer 
formation. Therefore, a remodeling of the in- 
teraction between p60 and H3-H4 is required 
for the assembly of an H3-H4 tetramer. It is 
possible that the binding of suitable-length 
DNA may facilitate efficient remodeling of 
the interaction between p60 and H3-H4 and 
the assembly of H3-H4 tetramers. Our SEC- 
MALS analysis showed that 30-bp DNA pro- 
moted the dimerization of two CAF-1-H3-H4 
complexes, though the short DNA may have 
trapped the complexes at an intermediate state 
before the completion of the H3-H4 tetramer 
formation. Furthermore, a recent study also 
showed that DNA-loaded PCNA interacts with 
two CAF-1 complexes and promotes efficient 
nucleosome assembly (55). 
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Nucleosome assembly by CAF-1 occurs in two 
sequential steps: the formation of an H3-H4 
tetrasome followed by the joining of H2A-H2B 
(8). Using the 147-bp Widom 601 DNA, we ob- 
served two different forms of ditetrasomes— 
a left-handed one and a CAF-1-bound right- 
handed one—from our in vitro assembly with 
H3-H4, DNA, and CAF-1. Considering that the 
left-handed ditetrasome was also obtained 
from the assembly of H3-H4 and DNA without 
CAF-1 (53), it most likely resulted from exces- 
sive H3-H4 added in our sample preparation. 
Handedness aside, the first critical question is 
whether ditetrasomes do occur during nucleo- 
some assembly. Because histones H3-H4 are 
in a tetrameric form in the nucleosome, it has 
been taken for granted that the nucleosome 
assembly proceeds through an intermediate 
composed of a tetramer of H3-H4 wrapped by 
DNA. With a relatively short fragment of DNA 


(~80 bp), a well-defined complex of an H3-H4 - 


tetramer with DNA can be identified in vitro 
(35, 56). However, when presented with a longer 
DNA, the distinction between two independent 
H3-H4 tetrasomes or a ditetrasome is unclear. 
It also remains to be determined whether di- 
tetrasomes, as a transient intermediate or as 
arelatively stable form of anon-nucleosomal 
histone-DNA complex, occur in a physiological 
setting. Nevertheless, one may imagine certain 
advantages of proceeding through a ditetrasome 
intermediate during nucleosome assembly. For 
example, a ditetrasome may serve as a more au- 
thentic “placeholder” for nucleosomes because 
it engages more than 100 to 120 bp of DNA in- 
stead of the ~45 to 55 bp for a tetrasome. 

It is surprising that DNA wraps H3-H4 tetra- 
mers in a right-handed form in the CAF-1- 
bound ditetrasome. A previous study showed 
that CAF-1 is associated with the chromatin 
precursor (8), but the exact form of the pre- 
cursor is unknown. Biophysical and biochemical 
studies demonstrated that H3-H4 tetrasomes 
exist in a dynamic equilibrium of left-handed 
and right-handed forms in vitro (54, 57). How- 
ever, very little is known about the right-handed 
DNA wrapping of histones in physiological 
settings, except in the context of centromeric 
chromatin (58). The structure of the CAF-1- 
bound right-handed ditetrasome and our single- 
molecule FOMT characterizations demonstrate 
that CAF-1 promotes right-handed DNA wrap- 
ping in vitro. Whether this also occurs in vivo 
and what the functional implication might be 
are not presently clear. We may speculate that 
a right-handed intermediate may balance the 
predominantly left-handed torsion of the tetra- 
some assembled from parental H3.1-H4, which 
are inherited mostly as an intact tetramer (4), 
to alleviate torsion stress and facilitate timely 
progression of the replication fork. It may also 
be helpful for replication of certain specialized 
chromosomal regions such as the centromere. 
Clearly, future efforts are needed to validate 
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and characterize the physiological roles of right- 
handed DNA wrapping by CAF-1. 


Materials and methods 
Plasmid construction 


Recombinant CAF-1 subunits were produced 
in insect cells using baculoviruses prepared from 
modified vectors of pFastBacl (Invitrogen). Plas- 
mids carrying an N-terminal fusion of GST to 
p150 and a C-terminal fusion of 6xHis tag to 
p60 and p48 were constructed by standard 
methods. A PreScission protease cleavage site 
was engineered between the GST tag and the 
p150 fragment. For large-scale production of 
full-length CAF-1 for structural and functional 
analyses, cDNA of full-length human p150 was 
subcloned into a modified pMlink vector con- 
taining N-terminal Protein A tag, and cDNAs 
for p60 and p48 were subcloned into pMlink 
vector without tags. A PreScission protease cleav- 
age site was engineered between the Protein A 
tag and the p150 gene. Production of full-length 
human histones H3.1 and H4 in bacteria was 
performed using a bicistronic plasmid con- 
structed with the pCDFDuet! vector (Novagen). 
Truncation variants or point mutants of p150 
and p60 and histones H3.1 or H4 were gen- 
erated with the KOD-Plus-Mutagenesis kit 
(TOYOBO, SMK-101) following the manufac- 
turer’s protocols. All constructs were verified 
by DNA sequencing. 

To convert the original AID system to AID2 
(44), a point mutation was introduced into the 
OsTIR1 cDNA sequence in pMK232 (CMV-OsTIRI1- 
PURO, Addgene, no. 72834). The OsTIR1(F74G) 
cDNA sequence was cloned into AAVSI-Neo- 
CAG-Flpe-ERT2 (Addgene, no. 68460) by Seam- 
less Cloning (Beyotime) to replace the Flpe-ERT2 
sequence. The spacer sequence targeting AAVSI 
was cloned into lentiCRISPRv2 (Addgene, no. 
52961) following the instructions by the inven- 
tors. An AID-P2A-PuroR-tag was knocked-in im- 
mediately before the stop codon of p150 or p60 
by CRISPR-Cas9-mediated homologous recom- 
bination. The construction of the repair tem- 
plate donor plasmid for the p750-AID knock-in 
was described previously (59), and the donor plas- 
mid for the p60-AID knock-in was constructed 
accordingly. The spacer sequences targeting 
150 and p60 were cloned into lentiCRISPRv2. 
For the p150 and p60 rescue experiments, full- 
length p150 or p60 cDNA was cloned into pCW- 
Cas9 (Addgene, no. 50661) by Seamless Cloning 
to replace the original spCas9 sequence, and 
blasticidin resistance was generated by replacing 
PuroR with blasticidin S deaminase sequence, 
which was subcloned from plasmid lenti dCAS- 
VP64_Blast (Addgene, no. 61425). p150 and p60 
mutant constructs were generated by mutagene- 
sis polymerase chain reaction (PCR). 


Protein expression and purification 


CAF-1 proteins were expressed in Sf21 cells using 
the Bac-to-Bac baculovirus expression system 
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(Invitrogen). WT or various mutant CAF-1 com- 
plexes were produced by suspension cell culture 
coinfected with recombinant baculoviruses for 
each subunit following the manufacture’s pro- 
tocol. The full-length CAF-1 complex was also 
expressed using human embryonic kidney 293F 
(HEK293F) cells. A total of 500 ml of HEK293F 
cells was transfected with 0.5 mg of plasmids 
of three CAF-1 subunits (1:1:1 molar ratio) plus 
2 mg of linear polyethylenimine. The cell cul- 
ture was harvested 48 hours after transfection 
at 37°C. 

The expressed CAF-1 middle domain com- 
plex (CAF1-MC) contains GST-tagged p150M 
(residues 442 to 714), p60AC-His, and p48-His, 
and the complex was purified first by resus- 
pension of cell pellets in five volumes of the 
lysis buffer containing 20 mM Tris-HCl, pH 77.5, 
500 mM NaCl, 5 mM imidazole, 1 mM phenyl- 
methylsulphony] fluoride (PMSF) and the pro- 
tease inhibitor cocktail, before lysis by sonication. 
Cell debris was removed by centrifugation, and 
the cleared supernatant was incubated with Ni- 
NTA agarose resins for 30 min at 4°C, followed 
by washing the resins three times with the lysis 
buffer. The bound proteins were eluted with 
500 mM imidazole in the lysis buffer. Immedi- 
ately following the elution, 1 mM each of EDTA 
and dithiothreitol (DTT) were added to the Ni- 
NTA eluate, which was then incubated with 
glutathione (GSH) sepharose resins (GE Health- 
care) preequilibrated in buffer A-500 (20 mM 
Tris-HCl, pH 7.5, 500 mM NaCl, 1 mM EDTA, 
and 1 mM DTT) for 2 hours. The loaded GSH 
resins were washed three times with buffer A-500, 
followed by elution of the bound proteins with 
the addition of 30 mM GSH. The GST-tag was 
cleaved by PreScission protease during dialysis 
to 100 mM NaCl overnight, and the sample was 
further purified on a Q column (GE Healthcare) 
with a linear 0.1 to 2 M NaCl gradient. Eluted 
fractions were analyzed by SDS-polyacrylamide 
gel electrophoresis (SDS-PAGE), and those highly 
enriched with CAF1-MC were pooled and con- 
centrated and loaded onto a HiLoad 16/60 
Superdex 200 column (GE Healthcare) in buffer 
A-500. Elution fractions containing highly pu- 
rified CAF1-MC were pooled and concentrated 
to ~20 mg/ml by ultrafiltration and stored at 
-80°C before use. 

The larger CAF-1 complex (CAF1-LC) contain- 
ing the p150L (residues 442-853) fragment, which 
includes the WHD domain, was purified fol- 
lowing a similar procedure, except that the ion- 
exchange column chromatography step was 
omitted. Full-length CAF-1 complex (CAF1-FC) 
supernatant was incubated with immunoglo- 
bulin G (IgG) beads for 2 hours, and unbound 
proteins were extensively washed away with 
buffer A-500. The fusion proteins were digested 
using PreScission protease overnight to remove 
tags, and the complex was eluted with buffer 
A-500. The eluted proteins were further puri- 
fied using a Superose 6 increase 10/300 GL (GE 
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Healthcare) size-exclusion column in buffer 
A-2000, which contains 2 M NaCl. C-terminal 
6xHis-tagged p48 and p60AC proteins were 
purified through successive Ni-NTA, respective 
ion-exchanges with Q and Heparin columns, 
and HiLoad 16/60 Superdex 200 sizing col- 
umn steps. 

WT and mutant human histone H3.1-H4 com- 
plexes were coexpressed using the pCDFDuet1- 
H3.1-H4 plasmid in Escherichia coli BL21 
CodonPlus (DE3) RIL cells. Protein produc- 
tion was induced with 0.5 mM isopropyl-B-D- 
thiogalactopyranoside (IPTG) at 37°C for 4 hours. 
Histone complexes were first purified through 
a 5-ml SP column (GE Healthcare), followed by 
purification through a gel-filtration column 
at 2 M NaCl. 


Crystallization 
Initial small and thin-plate-shaped crystal clus- 


ters of the CAF1-MC complex were grown by ~ 


sitting-drop vapor-diffusion at 20°C with 1.0 yl 
of protein solution (7 to 10 mg/ml) mixed with 
1.0 ul of reservoir solution containing 8% (v/v) 
Tacsimate, pH 6.0, and 20% (w/v) PEG 3350. 
Multiple rounds of crystallization condition 
optimization yielded larger crystals in the res- 
ervoir solution containing 7% Tacsimate, pH 6.0, 
22% (w/v) PEG 3350, 0.12 M lithium citrate, and 
0.05 M sodium tartrate by hanging-drop vapor- 
diffusion at 4°C. Streak-seeding of previous 
optimized crystals into a protein-reservoir 
solution mixture at half of the protein concen- 
tration (3 to 5 mg/ml) preincubated overnight 
against reservoir solutions with 15 to 25% (w/v) 
PEG3350 and 0 to 0.2 M sodium tartrate was 
used to further improve the crystal quality. Sin- 
gle, thick crystals were obtained in a condition 
with 7% Tacsimate, pH 6.0, 18% (w/v) PEG 
3350, 0.12 M lithium citrate, and 0.13 M sodium 
tartrate after 3 to 5 days. Cryogenic data collec- 
tion was performed with cryoprotectants pre- 
pared by supplementing the crystallization 
mother liquor with 15% glycerol. 


X-ray diffraction data collection, structure 
determination, and refinement 


Diffraction data were collected at the Shanghai 
Synchrotron Radiation Facility (SSRF) beam- 
line BL17U equipped with a Quantum 315r CCD 
detector (ADSC) using a wavelength of 0.97915 A 
or beamline BL19U using Pilatus 6M detector 
at a wavelength of 0.97853 A. Data were pro- 
cessed using the HKL2000 software package 
(60). Most of the crystals belong to the C222, 
space group, whereas a small percentage have 
a P2, or a C2 space group. The C222,, P2,, and 
C2 crystals diffracted to 3.5-, 3.6-, and 3.4-A 
resolutions, respectively. The C222, structure 
was determined by molecular replacement (MR) 
with PHASER (67) using the crystal structures of 
human p48/RBBP4 [Protein Data Bank (PDB) 
ID 3GFC] and the human WD40-repeat pro- 
tein Ciaol (PDB ID 3FMO) as the search models. 
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Refinement of the MR solution gave rise to 
unambiguous extra densities attributable to 
p150 near p48 and p60. An initial model of 
CAFI-MC was manually built with COOT (62), 
and the model was improved by iterative cy- 
cles of refinement with PHENIX (63) and model 
adjustment. The refined model has Ryo, and 
Rgree Values of 0.225 and 0.257, respectively, and 
good stereochemical quality, with 96.8 and 3.2% 
of the residues in the favored and allowed re- 
gions of Ramachandran plot, respectively. The 
ordered structure contains residues 463 to 713 
of p150, residues 1 to 394 of p60, and residues 
7 to 411 of p48. Internal disordered segments 
of p150 spanning residues 607 to 657, which is 
highly enriched with acidic residues, and res- 
idues 100 to 111 of p60 are not included in the 
final model. The structures from the other two 
crystal forms were subsequently solved by mo- 
lecular replacement using the C222, structure 
as a search model. Finally, the models were 
validated with MolProbity (64). Detailed sta- 
tistics for data collection and structure refine- 
ment are shown in table S1. 


DNA preparation 


A 30-bp double-stranded DNA fragment (DNAx,9) 
was prepared by annealing two high-performance 
liquid chromatography (HPLC)-grade chemi- 
cally synthesized complementary DNA strands 
(forward: 5'-GTAATCCCCTTGGCGGTTAAAA- 
CGCGGGGG-3’; and reverse: 5'-CCCCCGCGTTTT- 
AACCGCCAAGGGGATTAC-3’) in the annealing 
buffer (10 mM HEPES, pH 7.5, 100 mM NaCl, 
and 5 mM MgCl.) at a concentration of 20 uM 
by ramping temperature down from 95° to 4°C 
at a rate of 0.1°C/s. 

The 147-bp Widom 601 (W601) DNA was 
produced in EF. coli following a published pro- 
cedure (65, 66). Briefly, tandem copies of the 
147-bp W601 DNA fragment were inserted into a 
pEGFP-NI1 vector (Addgene), and recombinant 
plasmids were produced in large bacterial cul- 
ture. The 14’7-bp DNA was excised from the plas- 
mid by EcoRV digestion, isolated by polyethylene 
glycol (PEG) precipitation, and further purified 
through ethanol precipitation. The sequence of 
the 147-bp W601 DNA is 5'-CTGGAGAATCCC- 
GGTGCCGAGGCCGCTCAATTGGTCGTAGACA- 
GCTCTAGCACCGCTTAAACGCACGTACGCG- 
CTGTCCCCCGCGTTTTAACCGCCAAGGGG- 
ATTACTCCCTAGTCTCCAGGCACGTGTCAC- 
ATATATACATCCTGT-3’. 


Cryo-EM sample preparation 


The CAF-1 complex with the p150L fragment 
encompassing the WHD domain (CAFI1-LC) and 
histones H3-H4 were mixed at a 1:2.5 molar 
ratio in buffer A-500, followed by incubation on 
ice for 30 min, purification through a HiLoad 
16/60 Superdex 200 column to remove exces- 
sive histones, and concentration of the purified 
complex to ~10 mg/ml. The preassembled CAF1- 
LC-H3-H4: complex and DNAgp were then mixed 
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at a molar ratio of 1:15 in buffer A-500, and 
then dialyzed to buffer B (20 mM HEPES, pH 7.5, 
50 mM NaCl, and 1 mM DTT) at 4°C for 36 hours. 
Preparation of the CAF1-FC-H3-H4-DNA30 com- 
plex is similar to that of the CAFI-LC complex, 
except that a Superose 6 increase 10/300 GL 
column (GE Healthcare) is used for the sizing 
column. 

Preparation of the complexes of CAF-1, H3- 
H4, and W601 DNA (DNAj47) was performed 
by mixing WT or truncation variants of CAF-1, 
histones H3-H4, and DNA,,4, at a 1:2.5:1 molar 
ratio in buffer A-2000 and dialyzed to buffer B 
at 4°C in 36 hours. 

The four samples above, with concentrations 
at ~1 mg/ml and a volume of 200 ul each, were 
subjected to glutaraldehyde cross-linking during 
GraFix (67). Specifically, the sample was sub- 
jected to a 12-ml linear 10 to 30% glycerol gra- 
dient in buffer B supplemented with 0 to 0.15% 
EM-grade glutaraldehyde (Sigma-Aldrich). After 
centrifugation at 4°C for 16 hours at 38,000 rpm 
in an SW40 rotor (Beckman Coulter), the sam- 
ple was manually fractionated into 25 aliquots 
of 500 1l each from top to bottom using pipettes. 
The fractions were analyzed on an 8% denatur- 
ing polyacrylamide gel, and cross-linked fractions 
were further examined by negative-staining 
EM for particle homogeneity. 

Suitable fractions were dialyzed to buffer A-50, 
which is identical to A-500 except that the NaCl 
concentration is changed to 50 mM, and cryo-EM 
specimens were prepared using the 300 mesh 
R2/1 CryoMatrix/Amorphous alloy film grid 
(Zhenjiang Lehua Technology Co, Ltd.) for the 
CAFI-LC-H3-H4-DNAgpo, CAFI-FC-H3-H4-DNAgpo, 
and CAFI-LC-H3-H4-DNA,,4, samples and the 
300 mesh Quantifoil R2/1 gold grid for the 
CAFI-LC-H3-H4—-DNAy, sample. The grids were 
treated with the Gatan Model 950 Advanced 
Plasma system using O./Ar for 60 s. A 3-1 aliquot 
of the sample at a concentration of ~0.4 mg/ml 
was applied to glow-discharged grids. After incu- 
bation for 10 s, excess sample was blotted with 
filter paper (diameter 55 mm, Whatman, GE Health- 
care) for 3 to 4.5 s, and the grid was flash-frozen 
in liquid ethane using a FEI Vitrobot Mark VI 
device (ThermoFisher). All cryo-EM samples were 
prepared at 10°C and 100% relative humidity. 


Cryo-EM data acquisition, image processing, 
and 3D reconstruction 


Cryo-EM images were collected on an FEI Talos 
Arctica electron microscope equipped with a 
GIF Quantum energy filter and operating at 
200 kV with a nominal magnification of 130,000. 
Images were recorded by a Gatan Bio-Quantum 
K2 Summit direct electron detector. The slit 
width for zero-loss peak was 20 eV. The cam- 
era was in a super-resolution mode with a 1-A 
physical pixel size (0.5-A super-resolution pixel 
size). The defocus range was set between -1.0 
and -1.5 um. Each image was exposed for 5 s, 
resulting in total electron exposure of ~50 e/A® 
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(exposure rate, 8.9 e /pixel/s) and 32 frames per 
movie stack. 

A summary flow chart of data processing 
and structure determination procedures for the 
dataset obtained with the CAF1-LC-H3-H4 com- 
plex and DNAgg is shown in fig. S3. A total of 
23,996 movies were collected and imported into 
cryoSPARC (68) and aligned using patch-based 
motion correction, and contrast transfer func- 
tion (CTF) parameters were estimated in a 
patch manner using cryoSPARC and Gctf (69). 
Micrographs with poor Thon ring or heavy con- 
tamination were removed in the screening, 
and 19,607 micrographs were selected for fur- 
ther data processing. Particles of the complex 
were initially picked with cryoSPARC reference- 
free blob picker and used to generate 2D refer- 
ences for template-based auto-picking. Together 
with deep picking via topaz in cryoSPARC, a 
total of 19,430,612 particles were obtained. The 
dataset was cleaned up by several rounds of 2D 
classification, and 2,269,295 particles were kept 
for ab initio model generation (two classes) and 
subsequent heterogeneous refinement. These 
procedures resulted in two highly populated 
classes, monomeric and dimeric CAF1-LC-H3- 
H4 complexes. A new round of ab initio model 
generation (three classes for the monomer data- 
set and two for the dimer dataset), heteroge- 
neous refinement, and nonuniform refinement 
on each class were performed to clean up the 
monomer and dimer datasets. For the mono- 
mer dataset, 927,863 particles in the best class 
were imported to Relion-3.0 (70) using the 
csparc2star.py script in pyem (77) and further 
sorted into four classes by 3D classification. 
The best class containing 400,801 particles was 
selected and further sorted into eight classes 
by no-alignment 3D classification. Three top 
classes were combined, and a total of 304,368 
selected particles were subjected to cryoSPARC 
for nonuniform refinement, yielding a 3.9-A 
map. Local refinement with a local mask im- 
proved the map resolution to 3.8 A. For the 
dimer dataset, 53,708 particles were transferred 
to Relion-3.0 for 3D classification into four 
classes, and 24,904 particles in two classes 
were selected and subjected to nonuniform 
refinement, yielding a map with an overall res- 
olution of 7.2 A for the CAFI-LC-H3-H4: dimeric 
complex. Further refinement with C2 symmetry 
resulted in a 6.1-A resolution map. 

For the CAF1-FC-H3-H4-DNAgp dataset, as 
shown in fig. S4, a total of 15,893 movies were 
collected and imported into cryoSPARC and 
aligned using patch-based motion correction, 
and CTF parameters were estimated in a patch 
manner using cryoSPARC. Micrographs with 
poor Thon ring or heavy contamination were 
removed in the screening, and 14,532 micro- 
graphs were selected. The particles were picked 
with cryoSPARC reference-free blob picker ini- 
tially and were used to generate 2D references for 
template-based autopicking. A total of 4,999,183 
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particles were autopicked using template and 
topaz. Several rounds of 2D classification were 
performed to clean up the dataset, and a total 
of 1,199,544 particles were kept for ab initio 
model generation and heterogeneous refine- 
ment using six classes. The best class with 
688,535 particles was selected for nonuniform 
refinement, yielding a 3.6-A map. Because the 
CAF1-FC-H3-H4 map is similar to that of CAFI- 
LC-H3-H4 (correlation value 0.976), particles 
in these two datasets were combined and over- 
laps were removed (within radius of 130 A) to 
generate a combined set of 977,978 particles. 
Ab initio model generation and heterogeneous 
refinement using six classes resulted in two 
highly populated classes: monomers and di- 
mers of CAF-1-H3-H4. The best two classes of the 
CAF-1-H3-H4 monomer containing 552,289 
particles were selected and subjected to a fur- 
ther round of ab initio model generation and 
heterogeneous refinement using six classes. 
The best four classes containing 530,555 par- 
ticles were selected for nonuniform refinement. 
Local refinement with a local mask improved 
the map resolution to 3.5 A. In the final mono- 
mer particle set, 77 and 23% of the particles are 
from the FC and LC particle sets, respectively. 
The CAFI1-FC dimer class containing 168,932 
particles was combined with the CAF1-LC di- 
mer dataset containing 53,708 particles, and 
the overlap removed within the 130-A radius. 
A total of 197,148 particles were kept for ab initio 
model generation and heterogeneous refine- 
ment using six classes, and 50,508 particles in 
the best class were selected and subjected to 
nonuniform refinement, yielding a structure 
of the CAF-1-H3-H4 dimer at an overall reso- 
lution of 6.3 A. Further refinement using C2 
symmetry produced a 5.9-A map of the di- 
meric CAF-1-H3-H4 complexes. Symmetry 
expanding to Cl generated 101,016 particles, 
and local refinements were performed by ap- 
plying two local masks covering the two proto- 
mers, yielding two maps at 4.63-A (protomer I) 
and 4.58-A (protomer II) resolution. The com- 
posite map used for model building, refinement, 
and deposition was generated by aligning and 
merging the two locally refined maps using the 
Combine-Focused-Maps module in PHENIX. 
The half-maps of each local refined protomer 
were also merged and used for overall Fourier 
shell correlation (FSC) calculation in cryoSPARC, 
resulting in a 4.6-A resolution composite map 
of the dimeric CAF-1-H3-H4 complex. 
Asummary flow chart of data processing and 
structure determination procedures for the 
peak 1 dataset of the CAF1-LC-H3-H4-DNAj47 
complex is shown in fig. S9. Data pre-processing 
steps were similar to those used with the 30-bp 
DNA oligomer. From this, 11,206 movies were 
collected and 10,316 micrographs were selected 
for particle picking after patch motion correc- 
tion and patch CTF estimation by cryoSPARC. 
Because of the relatively small size of the pro- 


Liu et al., Science 881, eadd8673 (2023) 


tein complex, it is difficult to distinguish particles 
of the intact protein complex or partial com- 
plexes, and a large set of particles, 10,865,604 in 
total, were initially picked and extracted. The 
dataset was cleaned up through several rounds 
of 2D classification, and a total of 1,088,125 par- 
ticles were kept for ab initio model genera- 
tion and heterogeneous refinement. Two highly 
populated classes were obtained: one is a left- 
handed ditetrasome, and the other is the CAF-1- 
bound right-handed ditetrasome. These two 
subsets of data were imported to Relion-3.0 
for further 3D classification. 

For the left-handed ditetrasome subset of data, 
459,354: particles were sorted into four classes by 
3D classification. Three top classes were com- 
bined, and a total of 335,568 particles were se- 
lected for nonuniform refinement, which yielded 
a map at an overall resolution of 3.5 A. For the 
CAF-1-bound right-handed ditetrasome subset 
of data, 628,771 particles were sorted into six 
classes by 3D classification. Two top classes 
containing 178,734 particles were combined 
and subjected to nonuniform refinement, yield- 
ing a map at an overall resolution of 3.8 A. 

Figure S10 summarizes data processing and 
structure determination procedures for the 
dataset collected from the peak 2 sample. From 
this, 2213 movies were collected, and 2007 mi- 
crographs were kept for particle picking. A large 
set of 1,568,202 particles were initially picked 
and extracted. A total of 243,993 particles were 
kept after multiple rounds of 2D classification 
and used for ab initio model generation and 
heterogeneous refinement. Three classes of par- 
ticles were obtained, and the 126,187 particles 
in the best class were imported to Relion-3.0 
for 3D classification and resulted in six classes. 
One class containing 8190 particles showed 
two extra chunks of density on one side of the 
ditetrasome surface, with a low resolution of 
~18 A. Two other classes both have one extra 
piece of density on each side of the ditetra- 
some surface, and the better class containing 
76,910 particles was selected and subjected to 
nonuniform refinement, yielding a map of two 
CAF-1-bound ditetrasomes at an overall reso- 
lution of 5.6A and 6.3 A with and without C2 
symmetry imposed, respectively. 

A flow chart summarizing data processing 
procedures for the CAF1-FC-H3-H4—DNA,y4, com- 
plex is shown in fig. S11. From this, 8801 movies 
were collected, and 8002 micrographs were kept 
for particle picking. A large set of 3,199,346 par- 
ticles were initially picked and extracted. A total 
of 947,480 particles were kept after multiple 
rounds of 2D classification and used for ab initio 
model generation and heterogeneous refine- 
ment with six classes. The 104,027 particles in the 
best class were further used for the next round 
of ab initio model generation and heteroge- 
neous refinement by six classes. These proce- 
dures resulted in two highly populated classes: 
single and double CAFI-FC-ditetrasome com- 
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plexes. For the single CAF1-FC-ditetrasome, two 
classes containing 67,319 particles were sub- 
jected to nonuniform refinement, yielding a 
map of single CAF-1-bound ditetrasome at an 
overall resolution of 3.8 A. The 13,993 par- 
ticles of the double CAF1-FC-ditetrasome class 
were used for nonuniform refinement, yield- 
ing a map of the double CAF-1-bound ditetra- 
some at an overall resolution of 6.6 A. 

All reported resolutions were estimated based 
on the gold-standard FSC criterion of 0.143. 
Local resolutions were estimated by cryoSPARC. 


Model building and refinement of the 
cryo-EM structures 


Crystal structures of CAF1-MC from this study 
and the histone H3.1-H4 model from the sNASP- 
ASF1-H3.1-H4 complex (PDB ID 7V6Q) were 
used as initial models for building the model 
of the CAF1-LC-H3-H4 complex by docking 


each component into the cryo-EM map in - 


UCSF Chimera (72). The resulting 1:1 model of 
the CAFI-LC-H3-H4 complex was used as the 
initial model for fitting the structure of the 2:2 
complex. For the left-handed ditetrasome struc- 
ture, the atomic models of the Widom 601 DNA 
(PDB ID 3LZ0) and the histone H3.1-H4 hetero- 
dimer were fitted into the cryo-EM map. For 
the CAF-1-bound ditetrasome, the crystal struc- 
ture CAFI-MC from this study and histones 
H3.1-H4 were fitted into the map, and the right- 
handed Widom 601 DNA model was built man- 
ually. An additional CAFI-MC complex was 
introduced into the model of the right-handed 
ditetrasome bound by two CAF-1 complexes. 
The final models were obtained after iterative 
cycles of real-space refinement using PHENIX 
with secondary structure and Ramachandran 
and rotamer restraints, assisted with manual 
editing, adjustment and model rebuilding in 
COOT. Three macro cycles of final refinement 
were performed with the minimization_global 
and local_grid_search strategies, and the qual- 
ities of the refined models were checked with 
the MolProbity parameters calculated using 
PHENIX. For the four low-resolution struc- 
tures, the 4.6- and the 6.1-A dimeric CAF-1- 
H3-H4 complexes and the 5.6- and the 6.6-A 
double CAF-1-bound ditetrasome complexes, 
only main chains were kept in these models. 
These models were real-space refined using 
PHENIX as rigid bodies with secondary struc- 
ture and Ramachandran restraints. Also, in 
the two 3.8-A single CAF-1-ditetrasome com- 
plexes, only the main-chain model for p60 and 
p150 were kept because of the limit of local 
resolutions. The final refinement statistics are 
shown in tables $2 and S83. Structural figures 
were prepared using Chimera, ChimeraX (73), 
and PyMOL (Schrédinger LLC, New York, NY). 


Topological assay for nucleosome assembly 


DNA supercoiling assays were performed as 
described previously (74) with the following 
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modifications. Relaxed DNA template was pre- 
pared by combining 0X174 RF I DNA (NEB, 
N3021S) at 100 ng per sample, with excess DNA 
Topoisomerase I (TaKaRa, 2240A) in the as- 
sembly buffer [10 mM Tris-HCl, pH 7.5, 125 mM 
NaCl, 2 mM MgCl, 0.5 mM DTT, and 0.1 mg/ml 
bovine serum albumin (BSA)] at 37°C for 1 hour 
and kept at room temperature ready for use. 
Histones H3.1-H4 (100 ng) were preincubated 
with 100 and 200 ng each of yNAP1, WT CAF-1, 
or its mutants in the assembly buffer at 37°C 
for 30 min. To initiate the assembly reaction, 
100 ng of relaxed plasmid DNA was added to 
the chaperone-histone mixture and incubated 
for 15 min at 37°C. The 25-ul standard chro- 
matin assembly reaction was stopped by the 
addition of EDTA to 20 mM and SDS to 0.5% 
and 0.5 mg/ml proteinase K, followed by in- 
cubation at 55°C for 15 min before phenol- 
chloroform extraction. The DNA samples were 
analyzed on a 1% agarose gel in 1x TAE buffer 
(40 mM Tris-acetate, 1 mM EDTA) at 90 V for 
4 hours with ethidium bromide staining. 


GST-pulldown 


To analyze the interaction of p150 with p48 and 
p60AC proteins, 3 ug of GST or GST-fused p150M 
or different p150 fragments were first immobil- 
ized on 5 ul of glutathione Sepharose 4B resins 
(GE Healthcare), followed by incubation with 
5 wg each of p48 and p60AC in 500 ul of binding 
buffer (20 mM Tris-HCl, pH 7.5, 500 mM NaCl, 
5 mM 2-mercaptoethanol, and 1 mM EDTA) 
under continuous rotation at 4°C for 2 hours. 
The resins were then washed five times with 1 ml 
of binding buffer. Bound proteins were eluted in 
the SDS sample buffer, separated on a 15% SDS- 
PAGE gel, and stained with Coomassie blue. 

To test the interactions between CAF-1 and 
histones H3-H4, 3 ug of GST or GST-fused WT 
or mutant CAF-1 complexes were immobilized 
on 5 ul of glutathione Sepharose 4B resin (GE 
Healthcare), which was then mixed with 5 pg 
of H3.1-H4 or its mutants in 500 ul of binding 
buffer (20 mM Tris-HCl, pH 7.5, 500 mM NaCl, 
5 mM 2-mercaptoethanol, 0.01% NP-40, and 
1 mM EDTA), and the mixture was rotated 
overnight at 4°C. The resins were then washed 
five times with 1 ml of washing buffers modi- 
fied from the binding buffer with 0.1% NP-40 
and 500 mM or 1 M NaCl. Bound proteins were 
eluted in the SDS sample buffer and analyzed 
by Coomassie-stained SDS-PAGE. 


Cell lines 


HEK 293FT cells (Thermo Fisher, R70007) were 
maintained in Dulbecco’s modified Eagle me- 
dium (DMEM) (Gibco) supplemented with 10% 
(v/v) fetal bovine serum (FBS) (Biological Indus- 
tries) and penicillin-streptomycin (Sangon Biotech). 
HAP! cells (Horizon) were cultured in Iscove’s 
modified Dulbecco’s medium (IMDM) (Gibco) 
supplemented with 10% FBS and penicillin- 
streptomycin. To integrate the OsTIR1 expres- 
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sion cassette into the AAVS7 locus, cells cotrans- 
fected with AAVSI-Neo-CAG-OsTIR1(F74G) and 
lentiCRISPR-sgAAVS1 by jetOPTIMUS (Polyplus) 
were selected by 1 mg/ml G418 for 7 days and 
then seeded into 96-well plates by fluorescence- 
activated cell sorting (FACS). Clones from single 
cells were expanded and analyzed by Western 
blotting and reverse transcription quantitative 
PCR (RT-qPCR). AID-tagged p150 or p60 fusion 
clones were generated as previously described 
(75). Transfected cells were selected by 0.2 ug/ml 
puromycin for 2 days. Cell clones from single 
cells were expanded and analyzed by genotyping 
PCR and Western blotting. Only clones with bi- 
allelic insertions were kept for future experi- 
ments. Constructs expressing p150 or p60 were 
introduced into p150-AID or p60-AID cells by 
lentiviral transduction, respectively; stable cells 
were selected by 5 pg/ml blasticidin; and ex- 
pressions of exogenously introduced genes were 
examined by Western blotting. 


RNA-seq and data analysis 


Cells grown in a six-well plate were extracted 
with 1 ml of TRIzol reagent (ThermoFisher, 
15596026) according to the manufacturer’s 
instructions. Total RNA was prepared with 
two biological replicates for each genotype or 
treatment. Poly-A-tailed mRNA molecules were 
captured using attached oligo-dT and subjected 
to library construction according to the manu- 
facturer’s recommendations. 

mRNA-seq libraries were sequenced on the 
NovaSeq 6000 platform by Annoroad Gene Tech- 
nology Co., Ltd., using STAR aligner (v2.7.9a), and 
mRNA-seq read pairs were mapped to the hu- 
man genome sequences (hg38) with Gencode 
annotations. Differential gene expression anal- 
ysis was performed using DESeq2 software, 
and differentially expressed genes (DEGs) were 
identified using the cutoff adjusted p value 
<0.05 and fold change =2. 


Cell proliferation assays 


To analyze the effects of p150 and p60 mutants 
on cellular proliferation, cells were seeded into 
96-well plates at a density of 1000 cells per well. 
Doxycycline was added to the medium at a final 
concentration of 2 ug/ml while seeding. After 
24 hours, the medium was changed, and 5-Ph-IAA 
was added to cells at a final concentration of 1 uM 
to induce the degradation of endogenous p150 
or p60 in the presence of doxycycline to maintain 
the expression of exogenous p150 or p60. Medium 
was changed every day to supply fresh doxycycline 
and 5-Ph-IAA. At 6 days after 5-Ph-IAA treatment, 
cell viability was measured by CellTiter-Glo re- 
agent (Promega). Survival rate was quantified 
as the ratio of the number of survived cells to 
the cell number in the control treatment. 


RelN-Map, MNase-seq, and data analysis 


The ReIN-Map protocol was adapted and mod- 
ified from those used in (76-78). To analyze the 
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effects of CHAFIA and CHAF1B mutants on 
nascent nucleosome landscape after DNA rep- 
lication, cells were seeded into 150-mm dishes 
at a density of 1 x 10” per dish. Twelve hours 
after seeding, doxycycline was added to the 
medium at a final concentration of 2 ug/ml. 
After 24 hours, the medium was changed, and 
5-Ph-IAA was added to a final concentration of 
1 uM in the presence of doxycycline to main- 
tain the expression of exogenous CHAF1A or 
CHAF'1B. After 6 hours, the cells were pulse- 
labeled with 20 uM EdU (SANTA CRUZ, sc- 
284628) for 10 min. After the EdU pulsing, 
cells were immediately fixed in 1% formalde- 
hyde for 10 min. Then, glycine was added to a 
final concentration of 0.125 M, and the reac- 
tion was incubated for 5 min at room temper- 
ature. Cells were then collected by scraping with 
a cell lifter and transferred into 15-ml tubes. 
After centrifugation, the cell pellets were re- 


suspended in cold PBS and transferred intoa - 


1.5-ml Eppendorf tube. 

Fixed cells were resuspended in Buffer I 
(50 mM HEPES, pH 7.5, 1 mM EDTA, 140 mM 
NaCl, 10% glycerol, 0.5% NP-40, and 0.25% 
Trition X-100) and incubated at 4°C for 10 min. 
After centrifugation, the cell pellets were resus- 
pended in Buffer IT (0 mM Tris-HCl, pH 7.5, 
1 mM EDTA, 0.5 mM EGTA, and 200 mM 
NaCl) and incubated at room temperature for 
10 min. After centrifugation, cell nuclei were 
resuspended with Buffer III (10 mM Tris-HCl, 
pH 7.5, 60 mM KCl, 15 mM NaCl, and 3 mM 
Mg(Cl,), and briefly sonicated for 30 s with a 
bioruptor (Diagenode). The samples were split 
into two 1.5-ml Eppendorf tubes for MNase di- 
gestion and chromatin sonication separately. 
For MNase digestion, 300-ul samples were in- 
cubated at 37°C for 3 min with 10 pl of MNase 
dab stock), and digested in the presence of 
2 mM CaCl, for 10 min. The digestion was 
stopped with a final concentration of 10 mM 
EDTA, and SDS was added at a final concen- 
tration of 1%. For chromatin sonication, SDS 
was added at a final concentration of 1%, and 
300-1 samples were transferred into a sonica- 
tion tube. Then, 1 ml of NLB buffer (60 mM Tris, 
pH 7.5, 10 mM EDTA, and 1% SDS) and soni- 
cation beads were added to each sample and 
sheared to 300- to 500-bp-sized fragments with 
a bioruptor. Both MNase-treated and sonication- 
fragmented chromatin were de-cross-linked 
at 65°C overnight with 50 ug of proteinase K. 
After incubation, phenol-chloroform-isoamyl 
alcohol (PCI) extraction was performed, and 
RNase-A was added to the aqueous phase, which 
was then incubated at 37°C for 15 min. PCI ex- 
traction was performed again, and the DNA in 
the aqueous phase was precipitated by add- 
ing 2.5x volume of ethanol, 200 mM NaCl, and 
glycogen and then incubated at —20°C over- 
night. After centrifugation, the DNA pellet was 
washed with 70% ethanol and resuspended 
in 10 mM Tris-HCl, pH 7.5. The extracted DNA 
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fragments were subjected to end repair, A- 
tailing, and adaptor ligation using the NEB 
Ultra II DNA Library Prep kit (E7645) following 
the manufacturer’s instructions. After reserv- 
ing an aliquot for input (MNase-seq), EdU- 
pulsed DNA (MINCE-seq and Sonication-seq) 
was biotinylated under the following condi- 
tions: 15 mM Tris-HCl, pH 7.5, 0.5 mM biotin- 
TEG-azide (Jena Bioscience), 0.1 mM CuSO, 
(Sigma-Aldrich), 0.5 mM THPTA (Sigma-Aldrich), 
and 10 mM sodium ascorbate (Sigma-Aldrich) 
for 45 min at room temperature. DNA frag- 
ments were purified using AMPure XP beads 
(1.1x) and resuspended in 10 mM Tris-HCl, 
pH 7.5. Next, biotinylated DNA was pulled 
down using Myone Cl beads (Invitrogen). 
Six ul of beads per sample were balanced by 
three washes with 1x BW&T buffer (5 mM 
Tris-HCl pH 7.5, 0.5 mM EDTA, 1 M NaCl, 
and 0.05% Tween-20) and resuspended in 2x 
BW&T buffer. Streptavidin beads were then 
mixed 1:1 with biotinylated DNA and rotated 
for 45 min at room temperature. Then, the beads 
were washed four times with 1x BW&T, twice 
with 1x TE with 0.05% Tween-20, and once 
with 10 mM Tris-HCl, pH 7.5 and resuspended 
in 10 ul of ddH,O. The beads were incubated at 
98°C for 10 min, and 16 cycles of PCR amplif- 
ication were performed together with input 
DNA libraries. Post-PCR clean-up was per- 
formed by adding 1x volume of AMPure XP 
beads. Two independent biological repeats 
were performed for each sample, and similar 
results were obtained for all analyses. 

Pair-end sequencing reads were processed, 
and the samples were mapped to Homo sapiens 
genome (hg38) by Bowtie2 (79) using default 
parameters. Uniquely mapped reads were col- 
lected for further analysis. Nucleosome posi- 
tions were called using the statistic pipeline 
DANPOS (80) with the fragments of size 120 
to 180 bp. Mononucleosome coverage was 
smoothed with a 10-bp flat window. ReIN 
score is defined as the normalized read den- 
sity of MINCE-seq divided by the density of 
Sonication-seq samples. MINCE-seq signals 
are influenced by both DNA synthesis and 
nucleosome assembly. Thus, by normalizing 
MINCE-seq with Sonication-seq, the nucleo- 
some occupancy score reflects nucleosome oc- 
cupancy independent of DNA synthesis and 
EdU incorporation. All profiles relative to a 
feature of TSSs or CTCF-binding sites were 
plotted as the ReIN score or nucleosome occu- 
pancy score spanning a given position relative 
to the feature over a +1000-bp window around 
the feature midpoint. The CTCF chromatin im- 
munoprecipitation sequencing (ChIP-seq) data 
are from the Gene Expression Omnibus (GEO) 
(GSM4640493) (87) 


Molecular weight determination by SEC-MALS 


Molar masses of protein or protein-DNA com- 
plexes in solution were determined by SEC- 
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MALS using the DAWN HELEOSTM II 18-angle 
static light-scattering system (Wyatt Technology) 
connected to an Agilent HPLC that was hooked 
up with a Superose 6 increase 10/300 GL col- 
umn (GE Healthcare). The system was first 
equilibrated in a buffer containing 20 mM 
Tris-HCl, pH 7.5, 125 mM NaCl, and 2% gly- 
cerol for 12 hours. The equilibrated system 
was then calibrated with BSA at a concentra- 
tion of 1 mg/ml. Fifty microliters of purified 
CAF-1 or CAF-1-H3-H4 complexes in the pres- 
ence and absence of DNAzp at a concentration 
of ~1 mg/ml each were subjected to the system at 
a flow rate of 0.5 ml/min at room temperature. 
Data were analyzed by the ASTRA software. 


Single-molecule FOMT analysis 


A multiple digoxigenin-labeled and multiple 
biotin-labeled 159-bp DNA segment was am- 
plified by PCR and ligated with handle DNA 
(543 bp) via the Styl restriction site. Purified 
ligation products were further ligated with 
the 147-bp Widom 601 DNA via the Bsal re- 
striction site, and the full-ligation product was 
purified by gel extraction. 

Upon treating the coverslips with piranha 
solution, polystyrene beads (2 um, QDSpher) 
were loaded and incubated at 150°C for 8 min 
on a hot plate, and the beads served as the 
reference to control thermal drifts during the 
experiment. Then, the coverslips were coated 
with Sigmacote (Sigma-Aldrich, SL2) for 5 min 
and the flow-cells were incubated with 100 pl 
of antidigoxigenin (0.1 mg/ml, Roche) in PBS 
for 4 hours at 4°C. This was followed by pas- 
sivation of the flow-cell with 100 ul of pas- 
sivation buffer [10 mg/ml BSA, 1 mM EDTA, 
10 mM phosphate buffer, pH 8.0, 10 mg/ml 
Pluronic F127 surfactant (Sigma-Aldrich, P2443), 
and 3 mM NaNs] at 4°C overnight. 

FOMTs (54, 82), as schematically shown in 
Fig. 6D, were built based on homemade single- 
molecule magnetic tweezers described before 
(83). Force calibration was carried out by teth- 
ering an 8-kb DNA between the superparamag- 
netic bead (Dynabeads MyOne Streptavidin 
TI, Invitrogen, 65601) and the coverslip, fol- 
lowing published procedures (82, 84), with 
the recording of freely rotating magnetic beads 
positioned under a force ranging from 0.45 
to 1.8 pN. 

After the flow-cell was rinsed with 1 ml of 
FOMT buffer (50 mM KCl, 25 mM HEPES, 
pH 7.5, 0.1 mM EDTA, 0.025% PEG, 0.025% 
PVOH, and 1 mg/ml BSA), 100 ul of purified 
full-ligated DNA (3 pg/ul) in FOMT buffer 
was loaded and incubated at room temper- 
ature for 20 min before the flow-cell was 
further washed with 200 ul of FOMT buffer. 
Superparamagnetic bead (T1) in FOMT buf- 
fer was added to the flow-cell and incubated 
for 20 min at room temperature. Then, 200 ul 
of FOMT buffer was flowed into the flow-cell 
to flush away the unbounded beads. 
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Yeast Nap1-H3H4 (200 nM) and human 
CAF1-FC-H3-H4 (50 nM) complexes were kept 
in the preincubation buffer (60 mM KCl, 25 mM 
HEPES, pH 7.5, 0.1 mM EDTA, 0.25% PEG, 0.25% 
PVOH, and 1 mg/ml BSA) at 4°C for 30 min. 
Then the complexes were loaded into the flow- 
cell with 100 times dilution. The bead image 
was captured by a JAI Giga-Ethernet CCD cam- 
era at 500 Hz for 4 hours through the inverted 
microscope objective lens (UPLXAPO60XO, 
NA 1.42, Olympus). The real-time position 
(a, y, 2) of the beads at 0.7 pN was recorded 
with the comparison between the diffraction 
pattern of the beads and calibration images 
at various distances from the focal point of the 
objective. 

The circle center (®, y,) and radius Reirce 
of the beads’ trajectories are fitted using the 
least squares method, that is, minimizing the 
sum of the squares of the residuals: 


MIN 2, Ye Reine = 


WIC? Be) + (yi — Ye)’ — Reirae’| (1) 


1 


To calculate parameters 2, Y,, and Reirce from 
the bead’s position (@;, y;), we defined matrix A 
and vector b, x: 


y WN 1 
Auz{|™ & 1 
Xr Yn 1 
arty 
= Dead 
b= | @ ue and 
Bn? + Yn? 
2X 
r= Ye (2) 
7? — ae? — Yo 


The overdetermined system is 
Ag =b (3) 
The solution of which is given by 
@ = (ATA) 'ATD (4) 


After finding 2, ye, and Reircle, We set the 
pole of the polar coordinates system as (2, Yc)- 
By denoting the bead’s position vector (a; y;) 
as 7;, the rotation from position 7; to 741 is 
given by 


Ti, Fis) 


AO; 441 = arccos ——— 
|r| |7 +1 


(5) 


The angles of rotation from the initial position 
are given by 


k-1 
= AG: itt, AOji11 
mem {Seat fe 


i=1 


The polar coordinates (7;, o;) are given by 
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y= Vai ey + (Y; Ye)” (7) 
o; = arctan (4%) (8) 


The code used for analyzing and plotting 
FOMT data is archived at Zenodo (85). 


EMSA 


In each EMSA reaction (total volume of 20 ul), 
a mixture of 0.5 uM 147-bp DNA with 0.5, 1, 
2.5, 5, or 10 uM of p60AC or p48, in a buffer 
containing 20 mM Tris-HCl, pH 7.5, 50 mM 
NaCl, and 1 mM DTT, was first incubated on ice 
for 30 min, followed by electrophoresis on a 6% 
native polyacrylamide gel at 120 V for 50 min 
with 0.5x TBE buffer in an ice-water bath. The 
gel was stained by SYBR Gold (Thermo Fisher) 
and visualized with the Gel Doc EZ imaging 
System (Bio-Rad). 


Quantification and statistical analysis 


The orientation distribution of the particles 
used in the final reconstructions and the local re- 
solution maps were calculated using cryoSPARC 
(68). The quantification and statistical analy- 
ses for model refinement and validation were 
generated using MolProbity (64). Data for cell 
proliferation assays are from three biological 
replicates, and a two-way analysis of variance 
(ANOVA) with Sidak test was used to calculate 
p values. Data for RNA-seq are presented with 
two biological replicates. 
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INTRODUCTION: It has been known for more 
than 100 years that human cancers exhibit 
pervasive aneuploidy, or chromosome copy 
number changes. For instance, about 25% of 
cancers exhibit gains of the q arm of chromo- 
some 1. However, despite the prevalence of 
aneuploidy across cancer types, its role in 
tumorigenesis has remained poorly defined. 
Our ability to uncover the function of these 
large-scale copy number alterations has been 
hampered by our inability to experimentally 
manipulate chromosome dosage in cancer. 
Nonetheless, as aneuploidy is common across 
malignancies but rare in normal tissue, drugs 
that exhibit selective toxicity toward aneuploid 
cells could be useful anticancer agents. 


RATIONALE: Although aneuploidies have re- 
sisted close analysis, previous research has led 
to the discovery of a phenomenon called 
“oncogene addiction.” An oncogene-addicted 


A Elimination of specific aneuploid 
chromosomes from cancer genomes 


ReDACT 


Chromosome 
engineering 


C Multiple dosage-sensitive drivers 
of chromosome 1q gain in cancer 


Extra copies of: 


suppress increase 
p53 activity Wnt/f-catenin signaling 


cancer is dependent on the expression of an 
individual oncogene for continued malignant 
growth, and loss or inhibition of that onco- 
gene is sufficient to induce cancer regression. 
As specific aneuploidies such as the gain of 
chromosome 1q are frequent events in diverse 
cancer types, we hypothesized that certain 
aneuploidies could themselves represent 
oncogene-like cancer addictions. To test this 
hypothesis, we developed ReDACT (Restoring 
Disomy in Aneuploid cells using CRISPR Tar- 
geting), a set of chromosome engineering tools 
that allow us to eliminate individual aneu- 
ploid chromosomes from cancer genomes. 
Using ReDACT, we created and then charac- 
terized a panel of isogenic cells that have or 
lack common cancer aneuploidies. 


RESULTS: We found that eliminating the tri- 
somy of chromosome 1q from cancer cell lines 
harboring this alteration almost completely 


B Aneuploidy as an oncogene-like cancer addiction 
@ IqTrisomy @ 1qDisomy 


Tumor size 


Time after injection 


D Targeting aneuploid cancers through 
collateral therapeutic vulnerabilities 


Extra copies of: 


increase susceptibility to 
certain nucleotide analogs 


Chromosomal engineering to investigate the effects of aneuploidy. (A) ReDACT enables the targeted 
deletion of aneuploid chromosomes. (B) Loss of an extra copy of chromosome 1q compromises malignant 
growth. (€) MDM4 and BCL9 are dosage-sensitive drivers of chromosome 1q gain in cancer. (D) Chromosome 
lq gain can be targeted therapeutically with UCK2-specific nucleotide analogs. 
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xenograft formation. Similarly, eliminating _- 
1q trisomy from a nonmalignant cell line 
blocked RAS-mediated transformation. Pro- 
longed growth in vitro or in vivo after aneu- 
ploidy elimination in cancer cell lines led to 
karyotype evolution, and 1q-disomic cells were 
eventually outcompeted by cells that had re- 
covered the 1q trisomy. In contrast, removing 
other trisomic chromosomes from cancer cells 
had variable effects on malignant growth, dem- 
onstrating that different aneuploidies have 
distinct phenotypic consequences for cancer 
development. 

An analysis of clinical sequencing data dem- 
onstrated that chromosome 1q gains arise 
early during tumorigenesis and are mutually 
exclusive with mutations in the tumor sup- 
pressor 7P53, suggesting that 1q trisomies 
could represent a mutation-independent mecha- 
nism for blocking p53 signaling. Consistent - 
with this, we demonstrated that ReDACT- 
mediated elimination of chromosome 1q tri- 
somies increased the expression of p53 target 
genes in TP53 wild-type cell lines. We traced 
this suppression of p53 function to the tripli- 
cation of MDM4, a p53 inhibitor encoded on 
chromosome 1q, and we found that deleting a 
single copy of MDM¢4 impaired the growth of 
1q-trisomic cells, whereas moderate overex- 
pression of MDM4 rescued the growth of 1q- 
disomic cells. 

Finally, we demonstrated that chromosome 
1q gains result in the overexpression of UCK2, 
a nucleotide kinase encoded on chromosome 
1q that is also required for the cytotoxicity of 
certain anticancer nucleotide analogs. We 
determined that several different 1q-trisomic 
cell lines displayed enhanced sensitivity to 
these compounds owing to the up-regulation 
of UCK2, revealing that 1q aneuploidy can also 
represent a tractable cancer vulnerability. 


CONCLUSION: Certain aneuploidies that are 
commonly found in tumor genomes play a 
central role in cancer development, and elim- ‘ 
inating these aneuploidies compromises ma- 
lignant growth potential. At the same time, 
aneuploidy causes collateral therapeutic vul- 
nerabilities that can be targeted to selectively 
eliminate cells with chromosome dosage im- 
balances. The development of flexible chromo- 
some engineering methodologies like REDACT 
will enable additional experiments to further 
unravel the consequences of aneuploidy in 
development and disease. 
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Most cancers exhibit aneuploidy, but its functional significance in tumor development is controversial. 
Here, we describe ReDACT (Restoring Disomy in Aneuploid cells using CRISPR Targeting), a set of 
chromosome engineering tools that allow us to eliminate specific aneuploidies from cancer genomes. 
Using ReDACT, we created a panel of isogenic cells that have or lack common aneuploidies, and we 
demonstrate that trisomy of chromosome 1q is required for malignant growth in cancers harboring this 
alteration. Mechanistically, gaining chromosome 1q increases the expression of MDM4 and suppresses 
p53 signaling, and we show that TP53 mutations are mutually exclusive with 1q aneuploidy in human 
cancers. Thus, tumor cells can be dependent on specific aneuploidies, raising the possibility that these 
“aneuploidy addictions” could be targeted as a therapeutic strategy. 


hromosome copy number changes, oth- 
erwise known as aneuploidy, are a ubiq- 
uitous feature of tumor genomes (J, 2). 
While the pervasiveness of aneuploidy 

in cancer has been known for more than 
acentury (3, 4), the role of aneuploidy in tumor 
development has remained controversial (5-8). 
Chromosome gains have been proposed to 
serve as a mechanism for increasing the dos- 
age of tumor-promoting genes that are found 
within altered regions (9, 10). However, proof 
of this hypothesis is lacking, and it has alter- 
nately been suggested that aneuploidy could 
arise as a result of the loss of checkpoint con- 
trol that frequently occurs in advanced malig- 
nancies (17). Indeed, individuals with Down 
syndrome, which is caused by the triplication 
of chromosome 21, have a markedly decreased 
risk of developing most solid cancers, suggest- 
ing that, in certain cases, aneuploidy may ac- 
tually have tumor-suppressive properties (72). 
Our ability to directly investigate the role of 
aneuploidy in cancer has historically been lim- 
ited by the experimental difficulties involved 
in manipulating entire chromosome arms. Over 
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the past 40 years, cancer researchers have used 
the standard tools of molecular genetics, in- 
cluding gene overexpression, knockdown, and 
mutagenesis, to develop a deep understanding 
of many individual oncogenes and tumor sup- 
pressors (13, 14). For instance, the biological 
functions of genes such as KRAS and TP53 
were elucidated in part by creating and analyz- 
ing isogenic cell lines that express or lack these 
genes (15, 16). However, existing approaches 
for single-gene manipulations are insufficient 
to interrogate the chromosome-scale changes 
that affect hundreds of genes simultaneously. 
The consequences of eliminating specific aneu- 
ploid chromosomes from human cancer cells 
have not previously been established. 

Studies of individual cancer driver genes led 
to the discovery of a phenomenon called “on- 
cogene addiction,” in which loss or inhibition 
of a single oncogene is sufficient to induce 
cancer regression (17). For example, mutations 
in KRAS cause the development of pancreas 
cancer, and genetically ablating KRAS in a 
“KRAS-addicted” pancreas tumor blocks growth 
and triggers apoptosis (18). Previous cancer ge- 
nome sequencing projects have revealed that 
the aneuploidy patterns observed in human 
tumors are nonrandom, and specific events 
such as the gain of chromosome 1q or 8q occur 
more often than expected by chance (J, 19). We 
speculated that these recurrent aneuploidies 
could themselves represent a type of cancer 
“addiction,” analogous to the concept of onco- 
gene addictions. To investigate this hypothe- 
sis, we developed a set of computational and 
functional techniques to facilitate the analysis 
of cancer aneuploidy. 
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Results 

Specific chromosome gains recurrently occur 
early in cancer development 

We recently established a computational ap- 
proach to leverage multisample tumor sequenc- 
ing data to determine the relative timing of 
somatic copy number alterations in cancer 
evolution (20). We applied this tool to inves- 
tigate the timing of aneuploidy events in a 
cohort of patients with breast cancer (BRCA) 
or melanoma (MEL) (21, 22). We modeled the 
relative timing of somatic copy number alter- 
ations in whole-genome sequences from these 
tumor samples by assuming that (i) somatic 
point mutations accumulate over time at a 
rate that is proportional to DNA copy number 
and (ii) the multiplicity of early point muta- 
tions increases with copy number gains. We 
found that specific chromosome copy num- 
ber changes are consistently observed early 
in tumor development (Fig. 1, A and B). Nota- 
bly, we observed that chromosome 1q gains 
are recurrently the first copy number alter- 
ations that occur in breast cancer evolution, 
and these gains are also among the first al- 
terations in melanoma evolution. In general, 
we found that common aneuploidies arose 
earlier in tumor development than less-common 
aneuploidies, in agreement with the assump- 
tion that early somatic alterations are likely to 
be fitness-driving events (Fig. 1C) (23). How- 
ever, the correlation between frequency and 
timing was not maintained across all chromo- 
somes. For instance, in breast cancer, chromo- 
some 8q gains and chromosome lq gains 
occurred with similar frequencies, but we 
found that 1q gains consistently arose earlier 
during tumor development than 8q gains. We 
conclude that, as previously observed with on- 
cogenic point mutations (24), specific chromo- 
some gains occur in a defined temporal order, 
and we speculate that aneuploidies that are 
consistently gained early during tumorigene- 
sis may enhance cancer fitness. 


Specific chromosome gains are associated 
with altered mutational patterns and 
cancer progression 


In instances where two oncogenes converge 
to activate the same pathway, cancers fre- 
quently acquire mutations in either gene but 
not both (25). If chromosome gains play an 
oncogene-like role supporting cancer growth, 
then specific aneuploidies may also be ex- 
pected to exhibit mutual exclusivity with in- 
dividual oncogenic mutations. To investigate 
this possibility, we calculated patterns of mu- 
tual exclusivity between chromosome arm gains 
and mutations across 23,544 cancer patients 
(26, 27). We detected several hundred instan- 
ces in which aneuploidies and mutations co- 
occur less often than expected by chance both 
within individual cancer types and in a pan- 
cancer analysis (Fig. 1, D and E; fig. S1; and 


1 of 14 


RESEARCH | RESEARCH ARTICLE 
“7 BRCA 7“) MEL = a 
i (Y_11461_P) 7 (H_216_P) | é BRCA 
8 8} 8 3] j a7] 
2 - ! a 
i 2.4 
ole a 
0 02 O04 06 02 04 O06 08 actad xo 
4 : — Timing 25 
= “o_ Exo 
5 6 — - Solved = 8 
= Se 74 
it =e _,_ Upper e | 
f eri bound £94 
3 4 2 | 
br cs > i 
—"o r cc 2 a () 1 2 3 
ie ce — 2 g ‘: Frequency : 
j= , Ss 2 ow : High 
+ 4 G & (normalized rank sum) 
U 2c 
i. Oy = 
if F e MEL 
I {gains on B * Other 
a i > LOH rgn. + +9q 
: b = . ae0 
> ) act . ty 
, ) CN LOH De 
, £80 
a » 28 oO] Eu . : 
a? i 6 eS 4 
T HM 4 s rT +e 
» 2 5. e. 
;~ : - yo 0 29 Py 
—< > we! 
i a? a8 
fo "’ a = -2 -1 fi) 1 2 
‘ ; * 6 ; : th 
Normal ime Fraction MRCA Neanal Time Fraction MRCA 1 Frequency High 
(normalized rank sum) 
BRCA 1 
g 1q © bins with recurrent early gains 4 MEL 
a M9 
E 
a 
x 
< 
2s 
4 
s |] « ¥ —_— ha”~—Cchhe)~C lB Sia: cca: teen fe ee OR . TT 0 — lhe @ UH y° ia a are i hy oe 
i ° 4 3 5 T 9 44 se pes na 1 3 5 T 9 4 1: a me ae 
Chromosome Chromosome 
D Chromosome gains vs. driver gene mutations: mutual exclusivity E 
| Cf 8 Sa = 8 BED 2 PC 
aD a5 8 ~—ARIDIA Mutual a 13q 
ra a ATRX exclusivity sy 
| a a BRAF 5 PTEN 
BRCA2 9 
CDKN2A 2 
CREBBP 10 2 ECrR 
al | ES SnD BE HO MO EGFR o | FOXA1 
a FAT1 
ey BD (im FBXW7 = 
)GRIN2A E | MET 
KMT2C 0 = 
| | : aa re) KMT2D TP53 
(ai SESH &5 | | a a - Some Oo maKRAs 8 
=f 
fal NOTCH1 2 KRAS 
a = | = =| B a Bp PIK3CA 10 5 
| H SO | Mi PreN 8 | | | | | | SMAD4 
PTPRD 9 | 
PTPRT ° 
a oo m - 5 - re ce SNE WNT I | | [pes 
a [| SMAD4 -20 
EEE ot aaa a on = i tress occurence 
ovagasesagegecasasesecragsssggecagagesss 
SSSESSSSSLSSSLSss RRA 


Fig. 1. Specific chromosome gains arise early in tumor development and are 
mutually exclusive with driver gene mutations. (A) The inferred timing of somatic 
copy number gains in the evolution of two tumors. A breast tumor is shown on the left and 


a melanoma on the right. Copy num 


ber (CN) states along the genome are shown on 
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table S1). For instance, KRAS mutations are 
mutually exclusive with chromosome 18q gains 
in pancreatic cancer, whereas BRAF mutations 
are mutually exclusive with chromosome 20q 
gains in colorectal cancer (fig. S1 and table S1). 
These results are consistent with our hypoth- 
esis that specific chromosome gains can play 
an oncogene-like role in cancer, thereby making 
the acquisition of certain oncogenic mutations 
redundant in the presence of that aneuploidy. 

High levels of aneuploidy are generally asso- 
ciated with poor outcomes for cancer patients 
(28-30). However, it is less clear whether spe- 
cific copy number changes drive tumor pro- 
gression, or whether the aneuploid state itself 
represents a universal risk factor. We calcu- 
lated the association between patient outcome 
and copy number gains affecting every chro- 
mosome band across 10,884 patients and 33 
cancer types from The Cancer Genome Atlas 
(TCGA) (31). We discovered that certain copy 
number alterations were commonly prognos- 
tic across multiple cancer types, particularly 
gains affecting chromosome 1q (fig. S2, A to 
C, and table S2A). The strong association be- 
tween lq gains and disease progression was 
robust to the inclusion of multiple clinical var- 
iables, including patient age, sex, tumor stage, 
and tumor grade (fig. S2D and table S2B). 1q 
copy number correlated with hallmarks of ag- 
gressive disease in genetically diverse cancer 
types, including with Gleason score in prostate 
adenocarcinoma and with thrombocytopenia 
in acute myeloid leukemia (fig. S2E). We per- 
formed a similar analysis for cancer-associated 
mutations, and we found that the only gene 
for which mutations were prognostic in more 
than four cancer types was TP53 (fig. S2, A 
and D). These results illustrate that specific 
chromosome gain events, particularly in- 
volving regions of chromosome 1q, are robust 
pan-cancer markers for the risk of disease 
progression. 


Loss of trisomy 1q blocks malignant growth in 
human cancers 


The computational analyses described above 
highlight several similarities between chro- 
mosome copy number gains and driver mu- 
tations, raising the possibility that these 
aneuploidies could represent oncogene-like 
cancer addictions. The oncogene addiction 
paradigm was first established by develop- 
ing genetic techniques to eliminate individ- 
ual genes from established cancer cell lines 
(16, 17). To conduct comparable assays with 
aneuploidy, we created a set of approaches 
collectively called ReDACT (Restoring Disomy 
in Aneuploid cells using CRISPR Targeting) 
(Fig. 2A). In the first approach, called ReDACT- 
NS (Negative Selection), we integrate a copy 
of herpesvirus thymidine kinase (HSV-TK) 
onto an aneuploid chromosome of interest. 
Then, the cells are transfected with a guide 
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RNA (gRNA) that cuts between the integrant 
and the centromere and are treated with gan- 
ciclovir, which is toxic to cells that express 
HSV-TK (32). Loss of the aneuploid chromo- 
some harboring HSV-TK allows cells to survive 
ganciclovir selection. In the second approach, 
called REDACT-TR (Telomere Replacement), 
cells are cotransfected with a gRNA that cuts 
near the centromere of an aneuploid chromo- 
some along with a cassette encoding ~100 re- 
peats of the human telomere seed sequence 
(33). CRISPR cleavage coupled with integra- 
tion of the telomeric seed sequence leads to 
loss of an aneuploid chromosome arm and 
formation of a de novo telomere. In the third 
approach, called ReDACT-CO (CRISPR Only), 
we took advantage of prior reports demon- 
strating that, in rare circumstances, CRISPR 
cleavage by itself is sufficient to trigger chro- 
mosome loss (34, 35), and we transfected cells 
with a gRNA targeting an aneuploid chro- 
mosome arm without any other selection 
markers. We successfully applied all three 
approaches to create clones derived from hu- 
man cell lines that had lost specific aneuploid 
chromosomes. 

We first focused on aneuploidies of chromo- 
some lq, as we found that 1q gains were an 
early event in multiple cancer types and were 
strongly associated with disease progression 
(Fig. 1 and fig. $2). We targeted the 1q trisomy 
in the A2058 melanoma cell line, AGS gastric 
cancer cell line, and A2780 ovarian cancer cell 
line. We generated multiple independent de- 
rivatives of each line in which a single copy of 
chromosome 1q had been eliminated, thereby 
producing cell lines that were disomic rather 
than trisomic for chromosome 1q. We verified 
loss of the 1q trisomy using short multiply 
aggregated sequence homologies sequenc- 
ing (SMASH-Seq), an approach to determine 
DNA copy number (36), and by G-banding 
analysis of metaphase spreads (Fig. 2B, figs. $3 
and S4, and table S3). Loss of the 1q trisomy 
decreased the expression of genes encoded 
on chromosome 1q by an average of 26% at the 
RNA level and 21% at the protein level (Fig. 
2C). These results suggest that chromosome 
loss causes a substantial down-regulation of 
genes encoded on an aneuploid chromo- 
some, although these effects can be buffered to 
some extent by cellular dosage compensa- 
tion (37). 

Next, we tested whether losing the 1q tri- 
somy affects malignant growth in cancer cells. 
Toward that end, we quantified anchorage- 
independent colony formation, an in vitro 
proxy for malignant potential (38), in the 1q- 
trisomic and 1q-disomic cells. While 1q-trisomic 
A2058, A2780, and AGS cells displayed robust 
colony formation, multiple independent 1q- 
disomic clones derived from each cell line ex- 
hibited minimal anchorage-independent growth 
(Fig. 2D). We then performed contralateral 
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subcutaneous injections with each cell line to 
test whether aneuploidy loss affected tumor 
growth in vivo. Consistent with our colony for- 
mation assays, we observed that 1q-trisomic 
A2058 and A2780 cells rapidly formed large 
tumors, whereas 1q-disomic cells displayed 
minimal tumor growth (Fig. 2E). At the end 
of these assays, the trisomic cells had formed 
tumors that were, on average, 25-fold larger 
than the tumors formed by the 1q-disomic 
cells. For the AGS cancer cell line, neither 
the trisomic nor the disomic cells formed 
tumors after subcutaneous injection (fig. S5). 
Finally, we performed proliferation assays to 
measure the doubling time of the 1q-trisomic 
and the 1q-disomic cells in culture (fig. S6, A to 
C). The aneuploidy-loss clones divided more 
slowly in vitro compared with the 1q-trisomic 
cells, although the difference in doubling time 
(~35%) was substantially less than the differ- 
ences observed in the soft agar and xenograft ~- 
assays. In total, these results suggest that mul- 
tiple human cancer cell lines are dependent on 
the presence of a third copy of chromosome 1q 
to support malignant growth and that elimina- 
tion of this aneuploid chromosome compro- 
mises their tumorigenic potential. Furthermore, 
we note that this phenotypic pattern, in which 
aneuploidy loss causes a moderate effect on in 
vitro doubling but a severe effect on anchorage- 
independent growth and xenograft formation, 
resembles the previously reported consequences 
of eliminating bona fide oncogene addictions 
(16, 39). 


Loss of trisomy 1q prevents malignant 
transformation 


We discovered that 1q gains were commonly 
the first copy number alteration to occur dur- 
ing breast tumor development (Fig. 1, A to C). 
We therefore hypothesized that, in addition to 
being required for cancer growth, aneuploidy 
of chromosome 1q may directly promote cellu- 
lar transformation. To test this, we performed 
chromosome engineering in MCFIOA, an im- 
mortal but nontumorigenic mammary epithe- 
lial cell line. SMASH-Seq revealed that this 
cell line harbors a trisomy of chromosome 1q, 
and we successfully applied ReDACT-CO and 
ReDACT-TR to generate derivatives of MCF10A 
with two rather than three copies of 1q (Fig. 2F, 
fig. S3D, and table S3). We then attempted to 
transform the 1q-trisomic and 1q-disomic cells 
by transducing them with a retrovirus en- 
coding the HRAS@”” oncogene. HRAS@”” ex- 
pression was sufficient to transform trisomic 
MCFIOA, as these cells were able to form col- 
onies in soft agar and grow as xenografts in 
nude mice (Fig. 2, G and H). In contrast, 1q- 
disomic MCF10A clones expressing HRAS@?” 
exhibited impaired colony formation and were 
unable to produce tumors in vivo, demonstrat- 
ing that loss of the trisomic chromosome pre- 
vented cellular transformation. These results 
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Fig. 2. Phenotypic effects of losing chromosome 1q aneuploidy. 

(A) Chromosomal engineering strategies for the targeted deletion of chromo- 
some arms: (i) ReDACT-NS: Using CRISPR-Cas9 homology-directed repair, 

we integrated a positive-negative selection cassette encoding a fluorescent 
reporter, a positive selection marker, and a negative selection marker (HSV 
thymidine kinase) at a centromere-proximal region on chromosome 1q. We 
induced arm loss by generating a double-stranded DNA (dsDNA) break 
centromere-proximal to the cassette with Cas9 and isolated clonal populations 
of cells that were ganciclovir-resistant. (ii) REDACT-TR: We induced arm loss by 
generating a dsDNA break at a centromere-proximal location with Cas9 while 
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providing cells with an ectopic telomere seed sequence for repair. 

(iii) REDACT-CO: We induced arm loss by generating a dsDNA break at a 
centromere-proximal location with Cas9 and isolated clonal populations of cells. 
For all three approaches, we screened clonal populations of cells for targeted 
chromosome loss through TaqMan copy number assays and validated their 
karyotypes through SMASH sequencing. (B) Representative SMASH karyotypes 
of the 1q-disomic clones generated from the 1q-trisomic cancer cell lines A2780, 
AGS, and A2058. Chromosome 1q is highlighted in blue. A complete list of 
aneuploidy-loss clones and how they were generated is included in table S3. 
(C) 1q-disomic clones display decreased RNA expression and protein expression 
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of genes encoded on chromosome 1q. RNA expression data were obtained through 
bulk RNA-seq and represent the average expression of genes by chromosome arm 
across multiple 1q-disomic clones for each cell line. Protein expression data were 
obtained through mass spectrometry, and representative data from one 1q-disomic 
clone are shown for each cell line. Data are log2 transformed, normalized to the 
parental cell line, and adjusted so that the mean expression across all chromosomes is 
0. (D) 1g-disomic clones exhibit decreased anchorage-independent growth. The 
micrographs display representative images of colony formation for 1q-trisomic and 1q- 
disomic clones. (E) 1q-disomic clones exhibit impaired xenograft growth in vivo. 1q- 
trisomic and 1q-disomic cells were injected contralaterally and subcutaneously into 
immunocompromised mice. The graphs display the mean + SEM for each trial. 
Representative mice are shown on the right. (F) SMASH karyotype of a 


1q-disomic clone generated from the mammary epithelial cell line MCF10A. 
Chromosome 1q is highlighted in blue. (G) 1q-disomic MCF10A clones transduced with 
HRAS®" exhibit decreased anchorage-independent growth relative to 1g-trisomic 
MCFIOA cells. (H) 1q disomic MCF1OA clones transduced with HRAS®" clones exhibit 
impaired xenograft growth in vivo. lq-trisomic and 1q-disomic cells were injected 
contralaterally and subcutaneously into immunocompromised mice. The graphs 
display the mean + SEM for each trial. Representative mice are shown below. For 
anchorage-independent growth assays in (D) and (G), the boxplots represent the 
25th, 50th, and 75th percentiles of colonies per field, while the whiskers represent the 
10th and 90th percentiles. Unpaired t test, n = 15 fields of view, data from 
representative trial (n = 2 total trials). Representative images are shown below. Scale 
bars, 250 um. **P < 0.005, ***P < 0.0005. 


are consistent with our finding that 1q gains 
are an early event during breast cancer devel- 
opment and demonstrate that specific aneu- 
ploidies can cooperate with oncogenes to 
transform nonmalignant cells. 


Robust anchorage-independent growth in human 
cancer cell lines subjected to CRISPR cutting 
and ganciclovir selection 


To confirm that our findings were a specific 
consequence of aneuploidy loss, we generated 
and tested a series of control clones subjected 
to various CRISPR manipulations that did not 
induce loss of the 1q trisomy (figs. S7 and S8A). 
These control clones included the following: 
(i) Cell lines harboring a CRISPR-mediated 
integration of the HSV-TK cassette that were 
not subjected to selection for 1q loss. (ii) Cell 
lines in which the HSV-TK cassette was de- 
leted using two gRNAs followed by ganciclovir 
selection. (iii) Cell lines transfected with a 1q- 
targeting gRNA in which the lesion was re- 
paired without inducing chromosome loss. 
(iv) Cell lines transfected with a gRNA targeting 
the noncoding Rosa26 locus. (v) Cell lines in 
which dual CRISPR guides were used to gen- 
erate segmental deletions of genes encod- 
ing olfactory receptors on chromosome lq. 
(vi) Cell lines in which CRISPR was used to 
delete a terminal segment on chromosome 1q, 
eliminating the telomere and decreasing the 
copy number of 26 out of 968 protein-coding 
genes on the chromosome. 

We performed SMASH-Seq on each control 
clone that we generated and confirmed that 
each clone retained an extra copy of chro- 
mosome 1q (fig. $7). We then measured the 
effects of these manipulations on anchorage- 
independent growth. We found that every 
control clone maintained the ability to form 
colonies in soft agar, with some variability 
between independent clones. Across the three 
cancer cell lines and 37 different control 
clones, we observed that the 1q-disomic clones 
exhibited worse anchorage-independent growth 
than every control clone that we generated 
(fig. S8, B to E). These results indicate that 
the deficiencies in malignant growth exhibited 
by the 1q-disomic clones are not a result of our 
use of CRISPR or ganciclovir selection. 
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Eliminating different cancer aneuploidies 
produces distinct phenotypic consequences 

To further investigate the consequences of in- 
ducing aneuploidy loss, we used ReDACT to 
eliminate the trisomy of either chromosome 
7p or 8q from A2058 melanoma cells. SMASH- 
Seq confirmed the desired aneuploidy-loss 
events without other karyotypic changes (Fig. 
3A, fig. S9, and table S3). As expected, loss of 
either trisomy 7p or trisomy 8q resulted in a 
decrease in the expression of genes encoded 
on the affected chromosomes (Fig. 3B). 7p- 
disomic and 8q-disomic clones exhibited 
impaired anchorage-independent growth com- 
pared with a panel of control clones, although 
this defect was not as severe as the defect ob- 
served among A2058 1q-disomic clones (Fig. 
3C and fig. S10). In vitro doubling times were 
also closer to wild-type levels for 7p-disomic 
and 8q-disomic cells compared with 1q-disomic 
cells (fig. S6D). Finally, we performed sub- 
cutaneous injections of the 7p-disomic and 
the 8q-disomic cells in nude mice, and we 
found that loss of either the 7p or the 8q tri- 
somy resulted in a moderate decrease in tu- 
mor growth (Fig. 3D). At the end of the assay, 
the wild-type tumors were, on average, two- 
fold larger than the tumors formed by either 
7p-disomic or 8q-disomic cells, compared with 
a 30-fold difference between A2058 wild-type 
and 1q-disomic tumors (Fig. 2E). In total, these 
results indicate that A2058 melanoma cells 
exhibit a greater degree of “addiction” to the 
1q trisomy compared with the trisomies of 
chromosome 7p or 8q. 

To explore the consequences of losing chro- 
mosome 8q aneuploidy in a distinct cancer 
type, we eliminated the 8q trisomy from the 
colorectal cancer cell line HCT116 (Fig. 3, E and 
F; fig. S9C; and table S3). Consistent with our 
observations in A2058, loss of the 8q trisomy 
decreased but did not fully prevent anchorage- 
independent growth in HCT16 (Fig. 3G). We 
then tested xenograft formation in the HCT116 
8q-disomic cells, and we observed that one 8q- 
disomic clone exhibited a moderate defect in 
tumor growth while a second clone was able 
to form tumors at levels comparable to the 
trisomic parental line (Fig. 3H). These results 
demonstrate that eliminating aneuploid chro- 
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mosomes has variable effects, depending on 
the identity of the chromosome and the genetic 
background of the cancer. 


Karyotype evolution and 1q trisomy restoration 
after aneuploidy loss 


A hallmark of oncogene addictions is that loss 
or inhibition of a driver oncogene results in 
strong and rapid selection to reestablish onco- 
genic signaling (40). For instance, when epi- 
dermal growth factor receptor (EGFR)-driven 
lung cancers are treated with an EGFR in- 
hibitor, these cancers evolve to acquire specific 
mutations, including EGFR’ (which re- 
stores EGFR activity) and KRAS@” (which 
activates a parallel oncogenic pathway) (41). 
We sought to investigate whether elimination 
of an “aneuploidy addiction” would also result 
in evolutionary pressure to restore the lost an- 
euploidy. We injected 1q-disomic A2058 cells 
into nude mice and then determined the copy 
number of chromosome 1q in the resulting 
xenografts using quantitative polymerase chain 
reaction (Fig. 4A). We discovered that 65 out 
of 82 1q-disomic xenografts reacquired an 
extra copy of chromosome 1q, demonstrat- 
ing strong selective pressure to regain the 
initial 1q aneuploidy. We subjected 20 of these 
post-xenograft clones to SMASH-Seq, and we 
found that chromosome 1q regain was the 
only detectable chromosome-scale copy num- 
ber change (Fig. 4B and fig. S11A). No gross 
karyotypic changes were observed when the 
parental 1q-trisomic cells were grown as xeno- 
grafts (Fig. 4B and fig. S11B). If loss of the 
chromosome 1q trisomy compromises malig- 
nant potential, then we would expect that 
regaining 1q aneuploidy would restore cell 
fitness. Consistent with this, we found that 
cells that had reacquired the 1q trisomy ex- 
hibited increased clonogenicity compared with 
1q-disomic cells when grown under anchorage- 
independent conditions (Fig. 4). 

Next, we assessed karyotype evolution after 
in vivo growth of A2058 7p-disomic and 8q- 
disomic clones. Interestingly, 17 out of 68 
7p-disomic xenografts and 17 out of 63 8q- 
disomic xenografts were found to exhibit 7p 
and 8q trisomy regain, respectively (Fig. 4, D 
and E). These rates of chromosome regain 
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Fig. 3. Variable degrees of addiction to aneuploidy of 
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Fig. 4. Cancers rapidly recover chromosome 1q aneuploidy. (A) A2058 1q- 
disomic cells frequently evolve to recover a third copy of chromosome 1q during 
xenograft growth. (B) Representative SMASH karyotypes of A2058 wildtype and 1q- 
disomic tumors. The initial karyotypes for these lines before the xenograft assay 
are shown on the left, and karyotypes of tumors after the xenograft assay are shown 
on the right. Chromosome 1q is highlighted in blue. (C) 1q-disomic clones that 
have evolved to regain 1q trisomy after xenograft growth exhibit increased 
anchorage-independent growth relative to the pre-xenograft 1q-disomic parental 
cells. (D) Variable evolution of 7p-disomic cells to recover a third copy of 
chromosome 7p during xenograft growth. (E) Variable evolution of 8q-disomic cells 
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Chr12 gain 


1:2 a Lo 


to recover a third copy of chromosome 8q during xenograft growth. (F) Regain of 
trisomy 1q occurs more frequently than regain of trisomy 7p or trisomy 8q. Tumors 
were classified as exhibiting regain if the mean copy number of the targeted 
chromosome was 22.5, as determined through TaqMan copy number assays. n = 
213 tumors, chi-squared test. (@) HCT116 8q-disomic clones evolve to gain a copy of 
chromosome 12 during xenograft assays, resulting in the acquisition of an extra 
copy of the KRAS®° allele. Cell lines were rederived from tumors harvested at the 
endpoint of xenograft assays and subjected to SMASH karyotyping and Sanger 
sequencing of KRAS. The xenograft growth curve is shown on the left, and 
representative SMASH karyotype profiles and Sanger sequencing chromatograms 
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before and after xenograft are shown on the right. Chromosome &q is highlighted in 
blue, and chromosome 12 is highlighted in green. (H) 8q-disomic clones that have 
evolved to acquire trisomy of chromosome 12 after xenograft growth exhibit 
increased anchorage-independent growth relative to the pre-xenograft 8q-disomic 
parental cells. For copy number profiling in (A), (D), and (E), cell lines were rederived 
from tumors at the endpoint of the xenograft assays, and chromosome copy 
number was determined through TaqMan copy number assays. Mean + SEM, n = 3 


were significantly lower than the rates that 
we observed for chromosome lq (P < 0.0001, 
chi-square test; Fig. 4F). These results suggest 
that there is moderate selective pressure to re- 
store 7p and 8q trisomies and stronger selec- 
tive pressure to restore 1q trisomy in A2058. 

We then sought to determine whether we 
could observe evolutionary pressure to restore 
chromosome 1q aneuploidy when 1q-disomic 
cells were grown in vitro. Toward that end, we 
passaged A2058, A2780, and AGS 1q-trisomic 
and 1q-disomic cancer cell lines for 30 days in 
culture and then assessed their karyotypes. 
Similar to our in vivo results, we uncovered 
multiple instances in which 1q-disomic cells 
independently regained an extra copy of chro- 
mosome lq over the course of the assay (fig. 
$12). We reasoned that there were two pos- 
sible sources for the regained chromosome: 
The third copy of 1q could result from the mis- 
segregation of an endogenous copy of chromo- 
some lq, or the disomic cell line could have 
been outcompeted by an exogenous popu- 
lation of trisomic cells (for instance, from 
metastatic colonization when 1q-disomic and 
1q-trisomic xenografts were grown in the same 
mouse). To differentiate between these possi- 
bilities, we identified single-nucleotide poly- 
morphisms on 1q that were heterozygous in 
the parental cell line and that exhibited loss of 
heterozygosity after 1q elimination. We rea- 
soned that if loss of heterozygosity was main- 
tained after 1q regain, then that would be 
evidence for an endogenous missegregation 
event, whereas the reappearance of hetero- 
zygosity would be evidence of an exogenous 
cell population (fig. S13A). Sanger sequenc- 
ing analysis revealed that both potential 
causes of 1q regain were observed during these 
evolution experiments (fig. $13, B and C). In 
both cases, lq regain correlated with restored 
anchorage-independent growth relative to the 
1q-disomic clones, further verifying the link 
between 1q copy number and cell fitness (fig. 
$13, D and E). 

Finally, we assessed karyotype evolution in 
xenografts produced by 8q-disomic HCT116 
cells (Fig. 4G). We found that 0 out of 13 tu- 
mors regained the trisomy of chromosome 
8q, but 7 out of 13 tumors gained a de novo 
trisomy of chromosome 12. HCT116 cells are 
driven by a heterozygous KRAS@” mutation 
(6), and KRAS is encoded on chromosome 
12. Sanger sequencing analysis revealed that 
every chromosome 12-trisomic tumor had am- 
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plified the copy of chromosome 12 harboring 
the mutant KRAS“” allele (Fig. 4G). Increas- 
ing dosage of mutant KRAS has previously 
been associated with enhanced tumor fitness 
(42), and we observed that these chromosome 
8q-disomic and chromosome 12-trisomic cells 
exhibited superior anchorage-independent 
growth relative to the chromosome 8q-disomic 
and chromosome 12-disomic pre-xenograft 
population (Fig. 4H). In total, these results 
suggest that aneuploidy loss creates strong 
selective pressure for karyotype evolution, 
and the effects of aneuploidy loss can be sup- 
pressed in cis (by regaining the lost chromo- 
some) or in trans (by acquiring a beneficial 
secondary alteration). 


Chromosome 1q aneuploidy suppresses p53 
signaling by increasing MDM4 expression 


We sought to uncover the biological mecha- 
nism underlying the addiction to chromosome 
1q aneuploidy. RNA sequencing (RNA-seq) 
analysis revealed that elimination of the 1q 
trisomy caused up-regulation of tumor sup- 
pressor p53 target genes in A2780 and MCFI10A, 
which are both wild type for TP53 (Fig. 5, A 
and B, and fig. S14, A and B). Western blotting 
confirmed that 1q-disomic clones exhibited in- 
creased phosphorylation of p53 at serine-15 
and increased expression of the canonical p53 
target p21 (Fig. 5C) (43). These results were 
not a by-product of CRISPR mutagenesis, as 
A2780 cells harboring a CRISPR-mediated in- 
tegration of HSV-TK did not display evidence of 
p53 activation (Fig. 5, B and C). Additionally, 
1q-disomic A2780 and MCFIOA cells exhibited 
a delay in the G1 phase of the cell cycle and 
increased senescence-associated B-galactosidase 
staining, both of which are associated with 
p53-mediated tumor suppression (fig. S14, C to 
F) (44). These results suggest that the chromo- 
some 1q trisomy inhibits p53 signaling and 
that elimination of this trisomy antagonizes 
malignant growth at least in part by triggering 
p53 activation. 

To explore whether p53 inhibition is a com- 
mon consequence of chromosome 1q gains, we 
examined our prior analysis of aneuploidy- 
mutation mutual exclusivity in cancer genomes 
(table S1). Out of 14,383 aneuploidy-gene mu- 
tation pairs, the single strongest instance of 
mutual exclusivity was between lq gains and 
TP53 mutations (Fig. 5D). Next, we applied a 
classification algorithm capable of predicting 
cancers that lack p53 function on the basis of 
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probes on targeted chromosome, data from representative trials are shown 

(n = 2 total trials). The corresponding xenograft assays are shown on the left. For 
the anchorage-independent growth assays in (C) and (H), the boxes represent the 
25th, 50th, and 75th percentiles of colonies per field, while the whiskers represent 
the 10th and 90th percentiles. Unpaired t test, n = 15 fields of view, data from 
representative trial (n = 2 total trials). Representative images are shown on the right. 
Scale bars, 250 um. ***P < 0.0005. 


their transcriptional profiles (45). As expected, 
cancers from TCGA with nonsynonymous 7TP53 
mutations scored higher with this classifier 
than cancers with wild-type TP53 (Fig. 5E). 
Considering only tumors with wild-type TP53, 
we calculated the association between the p53 
status classifier and every possible chromosome 
arm gain in TCGA. Across all chromosomes, 
1q gains exhibited the strongest correlation 
with the p53-loss signature (Fig. 5, F and G). 
Among tumors with wild-type 7P53, gains of 
chromosome 1q were associated with lower - 
expression of the p53 target genes CDKNIA 
(p21), GADD45A, and RRM2B (Fig. 5H) (43). 
In total, these results indicate that gaining 
chromosome 1q phenocopies the effects of 
p53 mutations and suppresses p53 activity in 
human tumors. 

We sought to discover the gene(s) on chro- 
mosome 1q responsible for inhibiting p53 
signaling. We noted that MDM4, a negative 
regulator of p53 activity, is located on 1q32 
(46). MDM¢ expression increased with chro- 
mosome lq copy number and higher MDM4 
expression correlated with the p53-loss tran- 
scriptional signature (fig. S15, A and B). To 
uncover whether MDM4 is directly respon- 
sible for the 1q-aneuploidy addiction observed 
in A2780, we first used CRISPR interference 
(CRISPRi) to down-regulate MDM4 expres- 
sion without fully ablating it (47). In A2780 
competition assays, we observed that down- 
regulating MDM4 impaired cell fitness rela- 
tive to A2780 cells in which AAVSI or PIP5KIA, 
an unrelated gene on chromosome Iq, were 
down-regulated (Fig. 51) (48). Next, we used a 
two-guide strategy to delete a single copy of 
MDM4¢ in an otherwise trisomic background 
(Fig. 5, J and K, and fig. S15, C and D). We 
found that the subsequent A2780 MDM4*/**° 
clones down-regulated MDM4 and up-regulated 
p53 target genes, comparable to the effects 
observed in cells lacking the entire 1q trisomy 
(Fig. 5L and fig. SI5E). We then tested the 
colony formation ability of MDM4*’*”“° clones, 
and we discovered that losing a single copy 
of MDM¢4 decreased anchorage-independent 
growth (Fig. 5M). Subsequently, we performed 
the converse experiment: We cloned MDM4 
cDNA under the control of a doxycycline- 
inducible promoter and transduced the con- 
struct into both 1q-trisomic and 1q-disomic 
cells. We found that moderate (1.7-fold) over- 
expression of MDM4 was sufficient to cause an 
increase in anchorage-independent growth in 
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Fig. 5. A single extra copy of MDM4 suppresses p53 signaling and 
contributes to the 1q trisomy addiction. (A) GSEA analysis of A2780 RNA-seq 
data reveals up-regulation of the p53 pathway in the 1q-disomic clones, relative 

to the parental trisomy. (B) A heatmap displaying the up-regulation of 10 p53 target 
genes in A2780 1q-disomic clones. The TK+ clone indicates a clone that harbors 
the CRISPR-mediated integration of the HSV-TK transgene but that was not treated 
to induce chromosome lg-loss. (C) Western blot analysis demonstrating activation 
of p53 signaling in 1q-disomic clones. Glyceraldehyde phosphate dehydrogenase 
(GAPDH) was analyzed as a loading control. The TK+ clone indicates a clone that 
harbors the CRISPR-mediated integration of the HSV-TK transgene but that was not 
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treated to induce chromosome 1g-loss. (D) A waterfall plot highlighting the most- 
significant instances of mutual exclusivity between chromosome arm gains and 
mutations in cancer-associated genes. The complete dataset for mutual exclusivity 
and co-occurrence is included in table S1. (E) Boxplots displaying the TP53-mutation 
phenocopy signature (45) in cancers from TCGA, split according to whether the 
cancers harbor a nonsynonymous mutation in TP53. (F) A scatterplot comparing 
the association between chromosome arm gains and the TP53-mutation phenocopy 
signature (45) in TP53 wild-type cancers from TCGA. Cancers with chromosome 
lq gains are highlighted in blue. (G) Boxplots displaying the TP53-mutation 
phenocopy signature (45) in cancers from TCGA, split according to whether 
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tumors harbor a gain of chromosome lq. Only TP53 wild-type cancers are 
included in this analysis. (H) Boxplots displaying the expression of three 
p53 target genes—CDKNIA (p21), RRM2B, and GADD45A—in cancers from TCGA 
split according to the copy number of chromosome 1q. Only TP53 wild-type cancers 
are included in this analysis. (I) A CRISPRi competition assay demonstrates that 
gRNAs targeting MDM4 drop out over time in A2780 cells. In contrast, gRNAs 
targeting AAVS1 and PIP5K1A, another gene encoded on chromosome lq, exhibit 
minimal depletion. (J) A schematic displaying the strategy for using paired 
CRISPR gRNAs to delete a single copy of MDM4 in a cell line with a trisomy of 
chromosome lq. (K) SMASH karyotype demonstrating maintenance of the 
chromosome 1g trisomy in an MDM4*”**° clone. Chromosome 1q is highlighted 


the 1q-disomic cells, whereas this same treat- 
ment did not affect the 1q-trisomic cells (Fig. 
5N and fig. SI5F). 

Finally, to investigate the role of p53 as a 
mediator of 1q aneuploidy addiction from an 
orthogonal approach, we used CRISPR to de- 
lete the TP53 gene in A2780 1q-disomic and 1q- 
trisomic cells (fig. S16, A and B). We discovered 
that loss of TP53 rescued the G1 delay and 
enhanced anchorage-independent growth in 
1q-disomic cells (fig. S16, C and D). The mag- 
nitude of the increase in colony formation was 
significantly greater in the 1q-disomic cells than 
in the 1q-trisomic cells (4-fold versus 1.5-fold; 
P < 0.0001, ¢ test) (fig. S16D). In total, these 
results indicate that chromosome 1q gains are 
a mechanism by which TP53 wild-type cancers 
can suppress p53 activity, and this suppression 
occurs because of the increased expression 
of MDM4. 


BCL9 promotes the growth of 1q-aneuploid 
cancers through a p53-independent mechanism 


We noted that the deletion of TP53 and the 
overexpression of MDM4 in 1q-disomic clones 
did not fully restore anchorage-independent 
growth to 1q-trisomic levels (Fig. 5N and fig. 
S16D). We therefore hypothesized that there 
were additional dosage-sensitive genes en- 
coded on chromosome 1q that promote the 
fitness of 1q-aneuploid cancers. To uncover 
these genes, we assembled a panel of 16 1q 
genes that have previously been associated 
with tumorigenesis, including MDM4 as a pos- 
itive control, and we conducted CRISPRi 
competition assays to assess the effects of 
down-regulating each gene in 1q-trisomic 
A2780 cells (fig. S17A). gRNAs targeting six 
genes, including MDM4, exhibited a mean de- 
pletion of >1.75-fold in cellular competitions 
(fig. S17B). We cloned cDNAs for these six 
genes into doxycycline-inducible vectors and 
transduced them into A2780 1q-disomic cells. 
We found that overexpression of three of these 
genes increased anchorage-independent growth: 
MDM4, the antiapoptotic gene MCLI, and 
the Wnt/f-catenin signaling gene BCL9 (fig. 
S17C). We then conducted two further analyses 
to test whether the effects of the latter two 
genes were independent of the MDM4/p53 
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250 um. ***P < 0.0005. 


pathway. First, we cotransduced 1q-disomic 
cells with vectors to overexpress both MDM4 
and BCL9 or MDM4 and MCLI, and next we 
assessed the effects of overexpressing BCL9 or 
MCL1I in TP53-KO 1q-disomic cells. We found 
that MCL1 had no effect on anchorage- 
independent growth in 1q-disomic cells that 
lacked TP53, and coexpressing MCLI and 
MDM4+4 in p53 wild-type 1q-disomic cells did 
not increase clonogenicity beyond the effects 
of expressing MCL1 alone (fig. S17, D and E). As 
both MCLI and TP53 control apoptosis, we 
speculate that the overexpression of MCL] and 
MDM4¢@ are to some extent epistatic with one 
another (49). 

In contrast, BCL9 expression enhanced 
anchorage-independent growth in TP53-KO 
cells, and BCL9-MDM¢4 coexpression resulted 
in more colony formation compared with 
BCL9 alone (fig. S17, D and E). BCL9 encodes 
an adaptor protein that binds to nuclear 
B-catenin and enhances f-catenin-mediated 
transcriptional activity (50). We found that 
eliminating the trisomy of chromosome 1q re- 
duced the expression of BCL9 as well as AXIN2 
and LGR5, which are canonical targets of the 
Wnt/B-catenin pathway (57) (fig. SI8A). Gene 
set enrichment analysis (GSEA) revealed a 
general decrease in the expression of tran- 
scripts associated with the Wnt/B-catenin 
pathway in 1q-disomic versus 1q-trisomic cells 
(fig. S18B). Ectopic overexpression of BCL9 in- 
creased the expression of AXIN2 and LGR5 
(fig. S18C). In human cancers, chromosome 
1q gains were associated with higher levels of 
BCL9 expression, and high BCL9 was asso- 
ciated with the up-regulation of AXZN2 and 
LGRS (fig. S18, D and E). Mutations in CTNNBI, 
which encodes f-catenin, were overrepre- 
sented in cancers with 1q gains (fig. SI8F). 
Finally, 1q aneuploidy was associated with 
higher f-catenin activity in several cancer 
types, including ovarian cancer, hepatocellular 
carcinoma, and rectal adenocarcinoma (fig. 
S18G). In total, these results indicate that chro- 
mosome 1q aneuploidy can enhance onco- 
genic Wnt/f-catenin signaling through the 
up-regulation of BCL9 and that increased BCL9 
expression promotes cancer cell fitness in a 
p53-independent manner. 
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in blue. (L) 1q-disomic clones and MDM4*7*”"° clones in A2780 exhibit 
comparable up-regulation of p53 transcriptional targets, as determined through 
TaqMan gene expression assays. (M) MD 
anchorage-independent growth relative to the MDM4*”*”* parental cell line. 

(N) Induction of MDM4 cDNA in 1q-disomic clones in A2780 increases 
anchorage-independent growth. For the graphs in (E), (G), (H), (M), and (N), the 
boxplots represent the 25th, 50th, and 75th percentiles of the indicated data, 
while the whiskers represent the 10th and 90th percentiles of the indicated 
data. For the soft agar experiments in (M) and (N), the data are from n = 15 
fields of view, and a representative trial is shown (n = 2 total trials). Scale bars, 


m4*7*7K clones exhibit decreased 


Aneuploidy addictions create collateral 
therapeutic vulnerabilities 

The oncogene addiction hypothesis is the con- 
ceptual foundation for the use of targeted 
therapies in cancer (40). Correspondingly, we 
sought to uncover whether aneuploidy addic- 
tions could also represent a therapeutic vul- 
nerability for certain cancers. We noted that 
chromosome 1q harbors the UCK2 gene, which 
encodes a pyrimidine salvage kinase that 
controls a rate-limiting step in the activation 
of certain toxic nucleotide analogs, including 
RX-3117 and 3-deazauridine (Fig. 6A) (52, 53). 
We found that UCK2 is overexpressed in human 
cancers that contain extra copies of chromo- 
some 1q, and elimination of the chromosome 
1q trisomy consistently decreased UCK2 pro- 
tein expression in our engineered cell lines 
(Fig. 6, B and C). We therefore investigated 
whether gaining chromosome 1q could create 
a collateral sensitivity to UCK2-dependent nu- 
cleotide analogs. 

First, as the mechanism of many cancer 
drugs is poorly understood (54, 55), we sought 
to verify that the cytotoxicity of RX-3117 and 
3-deazauridine requires UCK2 expression. We 
used CRISPR to delete UCK2 in the haploid 
HAPI cell line, and we confirmed that UCK2- 
knockout cells were highly resistant to both 
compounds (fig. S19, A to C). Next, we tested 
the effects of RX-3117 and 3-deazauridine in 
our engineered 1q-trisomic and 1q-disomic 
cell lines. We found that A2780 and MCFI0A 
cells harboring a trisomy of chromosome 1q 
were more sensitive to both compounds com- 
pared with isogenic cells containing two copies 
of chromosome 1q (Fig. 6D). This effect was 
specific for UCK2 substrates, as the 1q-trisomic 
cells did not exhibit greater sensitivity to UCK2- 
independent nucleotide poisons and other 
cancer drugs (fig. SI9D). Furthermore, dele- 
tion of a single copy of UCK2 in 1q-trisomic 
A2780 cells was sufficient to decrease sensi- 
tivity to RX-3117, whereas ectopic overexpres- 
sion of UCK2 cDNA in 1q-disomic A2780 cells 
was sufficient to increase sensitivity to RX-3117 
(fig. S19, E to H). However, we did not detect 
any difference in RX-3117 sensitivity between 
1q-trisomic and 1q-disomic A2058 and AGS 
cells (fig. S20, A and B). As A2780 and MCF10A 
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harbor wild-type 7P53, whereas AGS and 
A2058 exhibit compromised p53 signaling, 
we speculate that 7P53 status or the expres- 
sion of other related proteins may also in- 
fluence the response to UCK2 substrates. 
To determine whether lq copy number 
changes generated without using ReDACT 
could also increase sensitivity to UCK2 sub- 
strates, we transiently treated near-diploid 
DLD1 colon cancer cells with an inhibitor 
of the spindle checkpoint kinase Mpsi, and 
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we isolated a clone that harbored a trisomy 
of chromosome 1 (fig. S20, C and D). DLD1 
trisomy-1 cells were significantly more sensi- 
tive to RX-3117 compared with the parental 
DLDI cells (P < 0.005, t test; fig. S20E). Finally, 
RX-3117 and 3-deazauridine have been screened 
across the NCI-60 cell line panel, and we 
found that higher UCK2 expression corre- 
lates with greater sensitivity to both com- 
pounds (fig. S20F) (56). In total, these results 
indicate that 1q gains induce a collateral sen- 
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sitivity to certain nucleotide analogs by in- 
creasing the expression of UCK2. 

We hypothesized that we could use the 
greater sensitivity of 1q-trisomic cells to UCK2 
substrates to redirect cellular evolution away 
from aneuploidy and toward a disomic state 
with lower malignant potential (Fig. 6E). We 
mixed fluorescently labeled 1q-trisomic and 
1q-disomic MCFI0A cells at a ratio of 20:80 
and then co-cultured the two cell populations. 
After 9 days of growth in drug-free medium, 
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Fig. 6. Gaining chromosome 1q increases sensitivity to UCK2 substrates. 
(A) A schematic of the metabolism of two pyrimidine analogs, RX-3117 and 
3-deazauridine. UCK2, a kinase encoded on chromosome lq, phosphorylates these 
compounds to produce cytotoxic derivatives that can poison DNA and RNA 
synthesis. (B) Boxplots displaying the expression of UCK2 from the Cancer Cell Line 
Encyclopedia (CCLE, left) and TCGA (right), divided according to the copy number 
of chromosome 1q. The boxplots represent the 25th, 50th, and 75th percentiles of the 
indicated data, while the whiskers represent the 10th and 90th percentiles of the 
indicated data. Data were analyzed using unpaired t tests; n = 10,331 samples from 
TCGA and 942 samples from CCLE. (C) Expression of UCK2 protein in cancer cell lines 
with lq trisomies or after aneuploidy elimination. (D) Cellular sensitivity of A2780 
and MCF10A treated with different concentrations of RX-3117 or 3-deazauridine. 
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Mean + SEM, data from representative trials are shown (n = 3 total trials). 

(E) A schematic displaying cellular competition between trisomic and disomic cells. Under 
normal conditions, certain trisomies enhance cellular fitness, allowing these cells 

to overtake the population and enhance malignant growth (top). However, treatment 
with an “anti-trisomy” compound could selectively impair the growth of the 
aneuploid cells, keeping the population in a low-malignant state (bottom). (F) A cellular 
competition between fluorescently labeled MCF1OA 1q-trisomic and unlabeled 
1q-disomic cells. These cells were mixed at a ratio of 20% to 80% and then cultured in 
either dimethyl! sulfoxide (DMSO) or 3-deazauridine. While the trisomic cells quickly 
dominate the population in drug-free medium, treatment with 3-deazauridine prevents 
the outgrowth of the 1q-trisomic subpopulation. Data from representative trials are 
shown (n = 2 total trials). *P < 0.05, **P < 0.005, ***P < 0.0005. 
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the trisomic cells had expanded to make up 
75% of the culture, but when the same cell 
populations were grown in the presence of 
500 nM 3-deazauridine, the trisomic popu- 
lation decreased to just 4% of the final culture 
(Fig. 6F). We conclude that trisomy-selective 
compounds can be used to manipulate cellular 
evolution to prevent the outgrowth of malig- 
nant aneuploid cells in a premalignant setting. 

Finally, we investigated whether we could 
generalize this approach to identify compounds 
that exhibit selective toxicity against other an- 
euploidies. To nominate drugs that could be 
used to target chromosome 7p, we assessed 
the PRISM dataset of 4518 compounds tested 
against 578 cancer cell lines (57). We calculated 
the correlation between the expression of every 
gene encoded on chromosome 7p and the sen- 
sitivity to each drug (fig. S21A). One of the 
strongest relationships that we found was be- 
tween expression of the gene AHR, which en- 
codes a ligand-activated transcription factor, 
and sensitivity to the drug CGS-15943 (fig. S21B). 
It has previously been reported that CGS-15943 
binds to AHR and causes it to up-regulate 
the expression of proapoptotic genes, provid- 
ing a potential mechanistic explanation for 
this result (fig. S21C) (58). AHR expression 
was up-regulated in human cancer cell lines 
and tumors that are trisomic for chromosome 
7p, whereas eliminating the 7p trisomy in our 
A2058 cell line model decreased the expres- 
sion of AHR (fig. S21D). Consistent with our 
hypothesis, we found that A2058 cells with a 
7p trisomy were moderately but significantly 
more sensitive to CGS-15943 compared with 
7p-disomic A2058 cells (P < 0.0005, ¢ test; fig. 
S21E). We conclude that by using a combina- 
tion of computational and experimental ap- 
proaches we can uncover compounds that 
exhibit greater activity toward cancer cells with 
specific aneuploidies. 


Discussion 


In this work, we eliminated endogenous aneu- 
ploidies from established cancer cell lines and 
revealed that the removal of trisomic chromo- 
somes compromises cancer-like growth. We 
posit that these phenotypes are due specifi- 
cally to the loss of the aneuploid chromosome 
and are not a by-product of CRISPR selection 
or the elimination of point mutations encoded 
on the targeted chromosome (discussed in 
more detail in the supplementary text) (59). 
Due to the similarity between our observa- 
tions and the previously described oncogene 
addiction phenomenon (1/7), we suggest that 
in certain circumstances cancers may also be 
“addicted” to the aneuploidy found in their 
genomes. We speculate that during tumor 
evolution, certain aneuploidies can provide 
context-specific benefits that enhance tumor- 
igenesis. For instance, we showed that chro- 
mosome lq gains are an early event during 
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cancer development, and we demonstrated 
that MDM4 and BCL9 are dosage-sensitive 
genes on 1q that enhance malignant growth. 
In cells that already harbor 7P53 mutations or 
in cancer types that are not driven by WNT 
signaling, the beneficial effects of gaining 
chromosome 1q may be outweighed by the 
detrimental effects of overexpressing hundreds 
of other 1q genes. 

MDM¢4 and many other genes have tumor- 
promoting properties when highly overex- 
pressed (60, 67). For instance, MDM+4 is focally 
amplified in ~1% of cancers in TCGA, and 
strong overexpression of MDM4 via retrovirus 
immortalizes primary cells and renders them 
sensitive to Ras-mediated transformation (62). 
In this study, we demonstrated that a single 
extra copy of MDM4 is sufficient to suppress 
the expression of p53 target genes and promote 
oncogenic growth. Our results are consistent 
with a recent report showing that low-level 
overexpression of MDM¢4 can enhance fitness 
in hematopoietic cell competitions (63). The 
overlap between single-copy dosage-sensitive 
genes such as MDM¢4 and genes found to have 
tumor-promoting properties when highly over- 
expressed is at present unknown. Further- 
more, our work demonstrates that MDM4 
overexpression alone is insufficient to fully 
recapitulate the oncogenic effects of 1q aneu- 
ploidy, and we established that BCL9 is a sec- 
ond dosage-sensitive 1q gene that enhances 
fitness in a TP53-independent manner. As 
arm-length aneuploidy is more common in 
tumor genomes than focal gene amplifica- 
tions (19), we expect that recurrently gained 
chromosomes harbor multiple independent 
loci such as MDM¢4 and BCL9 that cooperate to 
drive tumor development. 

Finally, our results raise the exciting pos- 
sibility that “aneuploidy addictions” may rep- 
resent a therapeutic vulnerability in cancer. 
Previous attempts to target aneuploidy have 
focused on phenotypes that are shared across 
highly-aneuploid cells, such as alterations in 
spindle geometry (64, 65). Here, we sought to 
develop an approach to take advantage of the 
genes that are encoded on an aneuploid chro- 
mosome, thereby allowing chromosome-specific 
targeting. In particular, we hypothesized that 
the overexpression of specific genes—for 
instance, drug-importer pumps or enzymes 
required for a prodrug’s activation—could sen- 
sitize cancers to compounds that are other- 
wise better tolerated in euploid tissue. We 
demonstrated that gaining chromosome 1q 
creates a collateral vulnerability to the nucleo- 
tide analogs RX-3117 and 3-deazauridine ow- 
ing to the overexpression of the kinase UCK2. 
Notably, RX-3117 has been tested in phase 2A 
clinical trials, but without the use of any 
genomic biomarkers for patient selection (66). 
High UCK2 expression has been proposed as a 
potential sensitivity biomarker for RX-3117, 
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and we speculate that patients whose tumors 
harbor gains of chromosome 1q may exhibit 
strong responses because of the constitutive 
overexpression of UCK2 (67). More broadly, 
compounds whose anticancer function is en- 
hanced by genes encoded on aneuploid chro- 
mosomes could be used to direct cellular 
evolution away from certain aneuploidies and 
toward the lower-malignancy diploid state. 


Materials and methods summary 


The identities of all cell lines used in this study 
were confirmed using short tandem repeat 
profiling. CRISPR plasmids were cloned as 
described in (68). Chromosome copy number 
analysis was performed as described in (36). 
Complete methods are provided in the sup- 
plementary materials (59). 
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for ubiquitination-independent degradation 
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INTRODUCTION: In mammals, the transcrip- 
tional response to growth factor, neuronal, 
and immune stimuli is mediated by a group of 
genes called immediate-early genes (IEGs), 
which encode transcription factors of the Fos, 
EGR, and NR4A families. IEG proteins are ac- 
tivated stereotypically in virtually all mam- 
malian cells but promote the transcription 
of late-response genes (LRGs) that are cell- 
type specific and crucial for the appropriate 
response to the initial stimulus. The physi- 
ological importance of IEGs is underscored 
by the fact that misregulation of their expres- 
sion can lead to cancer, immune deficiencies, 
and neurological disorders. The IEG mRNAs 
accumulate within minutes after the initial 
stimulus and, once translated, their proteins 
are rapidly degraded to allow for a transient 
burst of protein expression. Although the mech- 
anisms that regulate IEG transcription are well 
characterized, how IEG proteins are swiftly 
targeted for destruction has remained myste- 
rious for many years. 


RATIONALE: Eukaryotic cells rely on a macro- 
molecular protease called the proteasome that 


canonically degrades proteins marked with 
ubiquitin. It has been suggested that the Fos 
family is targeted to the proteasome by both 
ubiquitination-dependent and -independent 
mechanisms, but the molecular events that or- 
chestrate these processes have remained elu- 
sive. We hypothesized that there exists a cellular 
pathway dedicated to the rapid destruction of 
c-Fos and other IEG proteins. By harnessing 
the power of forward genetic screens, we sought 
to identify the machinery that controls the deg- 
radation of these proteins. 


RESULTS: We performed genome-wide CRISPR- 
Cas9 screens to search for genes that regulate 
the stability of IEG proteins. We found that 
midnolin, a largely uncharacterized protein in 
mammals, promoted the proteasomal destruc- 
tion of IEG proteins from structurally distinct 
families including c-Fos, FosB, EGR1, and NR4A1. 
These results prompted us to search for addi- 
tional midnolin targets. We used the global 
protein stability (GPS) assay with a human open 
reading frame library (ORFeome) to assess 
changes in protein stability for ~12,000 hu- 
man proteins simultaneously. In addition to 
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The midnolin-proteasome pathway degrades many nuclear proteins independently of ubiquitination. 
Midnolin is induced by diverse cues, including growth factors and neuronal stimuli. Within the nucleus, midnolin 


associates with the proteasome through a C-terminal a helix (aHelix-C) and promotes the degradation of 

bound substrates using an N-terminal ubiquitin-like domain (Ubl). Midnolin achieves selectivity using its Catch 
domain, which binds an unstructured region within substrates that can form a B strand. Structures shown 
are AlphaFold models. Figure was created with BioRender.com. NLS, nuclear localization sequence. 
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IEG proteins, midnolin promoted the de Sie 
dation of IRF4, NeuroD1, PAX8, GATA1, 
many other cell-type-specific transcriptional 
regulators in the nucleus, where midnolin it- 
self resides. 

Diverse stimuli that activate IEGs also in- 
duced midnolin, and midnolin overexpression 
was sufficient to cause the destruction of its 
targets by a mechanism that does not require 
ubiquitination. Multiple lines of evidence sup- 
port this ubiquitination-independent mecha- 
nism of protein degradation. Midnolin still 
bound to and promoted the degradation of 
many targets that had been mutated to lack 
lysine residues. Moreover, inhibition of the 
proteasome, but not El ubiquitin-activating 
enzymes, abrogated midnolin function. Addi- 
tionally, midnolin does not contain RING 
or HECT domains that are characteristic of E3 
ubiquitin ligases or ubiquitin-binding domains 
found in proteasomal processivity factors such ~ 
as Rad23. 

Instead, midnolin engaged substrates using 
its “Catch” domain, which was necessary and 
sufficient to interact with unstructured regions 
within substrates that have the potential to 
form a strand upon binding midnolin. These 
unstructured regions with the propensity to 
form a f strand were also necessary and suffi- 
cient to bind the Catch domain, thus functioning 
as a midnolin degron. In addition, midnolin 
stably associated with the proteasome through 
a C-terminal o helix and promoted the deg- 
radation of Catch-bound targets using its N- 
terminal ubiquitin-like domain. Thus, midnolin 
contains three conserved structural domains 
that function in concert to directly target a 
large set of nuclear proteins to the proteasome 
for ubiquitination-independent degradation. 


CONCLUSION: Our study suggests that the 
midnolin-proteasome pathway may represent 
a general mechanism by which the protea- 
some bypasses the canonical ubiquitination 
system to achieve selective degradation of nu- 
clear proteins, many of which are crucial for ° 
transcription. Within substrates, midnolin re- 
cognizes relatively degenerate amphipathic re- 
gions with the potential to form f strands, so 
the midnolin degron may be a common struc- 
tural component of numerous proteins. How 
the midnolin-proteasome pathway is regulated 
by various cues in diverse cell types to con- 
trol transcriptional programs will be an im- 
portant subject of future exploration. 


The list of author affiliations is available in the full article online. 
*Corresponding author. Email: selledge@genetics.med.harvard.edu 
(S.J.E.); michael_greenberg@hms.harvard.edu (M.E.G.) 

{These authors contributed equally to this work. 

Cite this article as X. Gu et al., Science 381, eadh5021 
(2023). DOI: 10.1126/science.adh5021 


S READ THE FULL ARTICLE AT 
https://doi.org/10.1126/science.adh5021 


lof1 


RESEARCH 


RESEARCH ARTICLE 


CELL BIOLOGY 
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for ubiquitination-independent degradation 
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Cells use ubiquitin to mark proteins for proteasomal degradation. Although the proteasome also 
eliminates proteins that are not ubiquitinated, how this occurs mechanistically is unclear. Here, we found 
that midnolin promoted the destruction of many nuclear proteins, including transcription factors 
encoded by the immediate-early genes. Diverse stimuli induced midnolin, and its overexpression was 
sufficient to cause the degradation of its targets by a mechanism that did not require ubiquitination. 
Instead, midnolin associated with the proteasome via an @ helix, used its Catch domain to bind a region 
within substrates that can form a B strand, and used a ubiquitin-like domain to promote substrate 
destruction. Thus, midnolin contains three regions that function in concert to target a large set of 


nuclear proteins to the proteasome for degradation. 


n mammals, extracellular growth factors, 
cytokines, neurotrophic factors, and neuro- 
transmitters bind their cognate receptors 
and activate rapid responses by inducing 
posttranslational modifications of preex- 
isting proteins. More delayed responses are 
also induced by stimulating gene transcription 
within the nucleus (J, 2). This transcriptional 
response occurs in two steps. First, within 
minutes of the initial stimulus, a set of genes 
called immediate-early genes (IEGs) is activated. 
The IEGs encode transcription factors that then 
trigger a second wave of late-response gene 
(LRG) expression that mediates the cellular re- 
sponse to the initial stimulus. The IEG response 
is activated in a stereotypical fashion in virtu- 
ally every cell type in the body but induces 
programs of LRG expression that are cell-type 
specific (3). The plethora of cellular responses 
regulated by IEGs include the cell cycle reentry 
of quiescent fibroblasts during wound healing; 
the activation of immune cells in response to 
cytokines and bacterial and viral infections; and 
the adaptive responses of neurons to neuro- 
transmitters during learning and memory (3). 
The IEG family encodes transcription factors 
such as Fos, Egr, and Nr4a that are rapidly and 
transiently induced in response to a wide range 
of extracellular stimuli (4). The IEG mRNAs ac- 
cumulate to a high level, and once these mRNAs 
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are translated, the IEG proteins undergo rapid 
decay (5). Thus, the protein stability of the IEG 
program is tightly controlled to allow for a rel- 
atively brief burst of protein expression that is 
crucial for appropriate cellular responses to 
various stimuli. Misregulation of the signaling 
networks that control IEG expression can lead 
to cancer, immune deficiencies, and neurologi- 
cal disorders (3). 

Although the mechanisms that regulate IEG 
transcription are well characterized, it is un- 
clear how IEG proteins are degraded. In many 
cases, conjugation of ubiquitin onto substrate 
proteins occurs as a prelude to their destruction 
by the proteasome. c-Fos and FosB have been 
reported to be targeted to the proteasome by 
both ubiquitination-dependent and -independent 
mechanisms, but the molecular events that 
orchestrate these processes are unknown (6, 7). 


Genetic screens reveal midnolin as a regulator 
of IEG protein degradation 


To investigate the mechanism of IEG protein 
degradation, we first used the global protein 
stability (GPS) reporter system to assay IEG 
protein stability (8). GPS allows for the stable 
expression of DsRed as an internal control and 
a green fluorescent protein (GFP)-tagged pro- 
tein from the same bicistronic mRNA. There- 
fore, the ratio of GFP/DsRed analyzed by flow 
cytometry provides a measure of the relative 
stability of the GFP-fused protein. To identify 
regulators of IEG protein stability, we generated 
human embryonic kidney (HEK)-293T cell lines 
stably expressing the GPS reporter for EGR1 or 
FosB and performed genome-wide CRISPR- 
Cas9 screens to search for genes whose disrup- 
tion stabilized EGR1 or FosB (Fig. 1A). The 
comparison of EGR1 and FosB allowed us to 
investigate whether IEGs from different families 
are degraded by the same or different mecha- 


nisms. The top hit from both screens was MIDN, 
a gene that in mammals encodes a largely un- 
characterized protein named midnolin (Fig. 1, B 
and C, and data SI). 

To validate our CRISPR-Cas9 screening re- 
sults, we generated MIDN clonal knockout (KO) 
HEK-293T cells stably NLS expressing the GPS 
reporter for EGR1 or FosB and assessed the effect 
of MIDN disruption and overexpression on the 
stability of EGR1 or FosB. Consistent with the 
screening results, loss of midnolin increased the 
stability of both EGR1 and FosB (Fig. 1, D and E). 
We tested additional IEG proteins, and mid- 
nolin overexpression was sufficient to decrease 
the levels of EGR1, FosB, c-Fos, and NR4A1 (Fig. 1, 
D and E, and fig. S1, A and B) but not several 
other transcription factors, including ATF2, 
CREB3, and CREB5 (fig. S1C). These findings 
raised an interesting possibility that three dis- 
tinct families of IEG proteins may be targeted 
for degradation by the same protein: midnolin. 


Midnolin is induced and promotes the 
degradation of several IEG proteins in 
physiological settings 

To investigate the requirement of midnolin for 
the degradation of IEG proteins in physiologi- 
cally relevant settings, we mutated MIDN using 
CRISPR-Cas9 to generate a population-level KO 
of NIH/3T3 fibroblasts, a well-characterized 
cell line for studying IEG inducibility during cell 
cycle reentry. Serum deprivation synchronizes 
NIH/3TS3 cells in the Gp phase of the cell cycle, 
and IEGs are rapidly and transiently transcribed 
within minutes after serum addition to these 
cells (9). This transient induction of IEG tran- 
scription is followed by an increase in the levels 
of IEG proteins that then quickly return to their 
basal levels. In MIDN KO cells, IEG protein 
levels remained high for several hours longer 
than in control cells, suggesting that the degra- 
dation of EGR1, NR4A1, FosB, and c-Fos was 
attenuated in the absence of midnolin (Fig. 2A). 
By contrast, stable overexpression of midnolin 
led to a decrease in the levels of these IEG pro- 
teins (Fig. 2B). 

In addition to their importance during cell 
cycle reentry, IEGs mediate adaptive responses 
in neurons. In response to sensory stimuli, if 
enough glutamate is released at excitatory 
synapses in the brain to generate an action po- 
tential in the postsynaptic neuron, the de- 
polarization of this neuron results in an influx 
of calcium that triggers the induction of IEGs 
(3). This membrane depolarization induc- 
tion of IEGs also occurs in cultured mouse 
neurons within minutes of exposure to ele- 
vated levels of KCl] (10). To determine whether 
midnolin regulates IEG protein levels in this 
paradigm, embryonic mouse cortical neu- 
rons were cultured and infected with lenti- 
virus to generate population-level MIDN KO 
or midnolin-overexpressing cells. When ex- 
posed to elevated levels of KCl, IEG protein 
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Fig. 1. Genetic screens reveal midnolin as a regulator of IEG protein 


degradation. (A) Schematic showing the FACS-based 
Cas9 screens using the GPS reporter of IEG proteins 


MIDN as the top hit for negatively regulating the stab 
FosB. The proteasomal components showed a weaker 
their essentiality. The MAGeCK score represents the n 


expression was increased in MIDN KO neurons 
but decreased in the midnolin-overexpressing 
neurons (Fig. 2, C and D). By contrast, IEG mRNA 
expression was largely unchanged by midnolin 
overexpression (fig. S1D), which is consistent 
with midnolin affecting the stability of IEG 
proteins but not their mRNA transcripts. 

KCl treatment of primary cortical neurons 
induced MIDN mRNA levels with kinetics simi- 
lar to that of IEGs (Fig. 2E). In a previous 
RNA-sequencing dataset, MZDN was found to 
be induced upon light stimulation of the visual 
cortex in vivo (fig. SIE) (17). Midnolin was also 
induced upon serum restimulation of NIH/3T3 
cells (Fig. 2F) with kinetics similar to that of 
IEGs (72). These stimulus-dependent increases 
in midnolin expression may be involved in the 
rapid degradation of IEG proteins. Thus, mid- 
nolin is induced by various stimuli and pro- 
motes the degradation of IEG proteins in 
physiologically relevant settings, potentially 
through a feedback mechanism. 


Midnolin can promote the degradation of 
numerous transcriptional regulators 


To determine the extent to which midnolin 
regulates other cellular proteins beyond IEGs, 
we performed a screen to identify additional 
midnolin targets. The screen used a previously 
described GPS ORFeome library, which contains 
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in HEK-293T cells (figure 
created with BioRender.com). (B and C) Results of the genetic screens revealed 
ility of both EGR1 and 


genome-wide CRISPR- 


enrichment, likely due to 


egative loglO of the flow cytometry. 


~12,000 barcoded human open reading frames 
(ORFs) tagged with GFP in the GPS reporter 
system (13). The GPS ORFeome library was 
stably introduced into MJDN KO HEK-293T 
cells, and plasmids expressing either a control 
blue fluorescent protein (BFP) or midnolin to- 
gether with BFP were transiently transfected 
into cells to yield two cell libraries, one lacking 
midnolin and the other overexpressing mid- 
nolin. Because the GPS system overexpresses 
proteins and endogenous midnolin levels are 
low, we overproduced midnolin to gain sensi- 
tivity in this setting. The cells in each library were 
then partitioned into six populations on the 
basis of their GFP/DsRed ratios by fluorescence- 
activated cell sorting (FACS). The barcodes pres- 
ent in each population were then sequenced to 
determine the change in their distribution within 
the cell populations upon midnolin overexpres- 
sion. If midnolin promoted the destruction of a 
given barcoded GFP-fusion protein, then the dis- 
tribution of the barcode would shift to a cell 
population with a lower GFP/DsRed ratio in 
the midnolin-overexpressing library (Fig. 3A). 
This screen yielded our previously characterized 
targets of midnolin, including FosB and c-Fos, 
along with CBX4 (Pc in flies), which was pre- 
viously shown to be regulated by the Drosophila 
melanogaster ortholog of midnolin, Stuxnet (74) 
(Fig. 3B). Midnolin overexpression also led to a 
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“pos|score” value generated from MAGeCK (62). (D and E) Losing midnolin 
stabilized, whereas overexpressing midnolin destabilized, EGR1 and FosB. GPS 
EGRI1 or FosB reporters were stably expressed in wild-type and two independent 
MIDN KO HEK-293T single cell clones. Vectors expressing BFP control 

alone (gray) or midnolin and BFP from a EFla promoter (red) were transiently 
reintroduced by transfection before analyzing the GFP/DsRed ratio by 


robust reduction in the GFP/DsRed ratios of 
many proteins, consistent with a decrease in 
protein stability (data S2). Most of the proteins 
regulated by midnolin overexpression were nu- 
clear proteins that regulate transcription (Fig. 
3C), such as the lineage-specific transcription 
factors IRF4, NeuroD1, PAX8, and GATA1. 

To validate the findings from the GPS 
ORFeome screen, midnolin was overexpressed 
in MIDN KO HEK-293T cells stably expressing 
individual GPS reporters for the identified pro- 
teins. Midnolin overexpression was sufficient to 
reduce the GFP/DsRed ratios of these proteins, 
consistent with a decrease in their stability (Fig. 
3D and fig. S2A). The endogenous levels of 
various proteins identified in the screen were 
also substantially reduced in HEK-293T cells 
that expressed a doxycycline-induced midnolin 
(Fig. 3E). Among the lineage-specific transcrip- 
tion factors that are not expressed in HEK-293T 
cells, interferon regulatory factor 4 (IRF4) is es- 
sential for the function and homeostasis of 
mature B and T cell lymphocytes (15, 16). To test 
the ability of midnolin to promote the destruc- 
tion of endogenous IRF4, we generated Ramos 
B cell lines with population-level KO or over- 
expression of midnolin. In these cell lines, the 
steady-state levels of IRF4 were markedly in- 
creased in the MIDN KO cells and decreased in 
the midnolin-overexpressed cells (Fig. 3F). Thus, 
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Fig. 2. Midnolin is induced and promotes the degradation of several IEG after isolation, the neurons were infected with lentivirus encoding Cas9 with 
proteins in physiological settings. (A) Loss of midnolin increased the control or MIDN targeting sgRNAs. Immunoblotting was performed on day 11 


expression of IEG proteins in NIH/3T3 cells. Immunoblotting was performed from after dissection from neurons that were silenced overnight with TTX (a sodium 
NIH/3T3 cells stably expressing Cas9 and control or MIDN targeting sgRNAs. channel blocker) and D-AP5 (an NMDA receptor antagonist) and stimulated with 
This population-level mutagenesis of MIDN may show lower penetrance relative KCI for the indicated time points to induce depolarization. (D) Overexpressing 


to an isogenic mutant because the KO efficiency is dependent on the efficacy midnolin decreased the expression of IEG proteins in primary cortical neurons. 
of the sgRNA. The cells were starved of serum overnight before serum restimulation — Similar assay as in (C) but using lentivirus to overexpress a BFP control or human 
for the indicated time points. Asterisks mark nonspecific cross-reactive proteins. midnolin coexpressing BFP using an EFlo. promoter. (E and F) qPCR analysis for 
(B) Overexpressing midnolin decreased the expression of IEG proteins in mRNA levels of the indicated genes from primary mouse cortical neurons that were 


NIH/3T3 cells. Same assay as in (A) but in NIH/3T3 cells stably overexpressing KCI stimulated (E) or from NIH/3T3 cells that were serum restimulated (F 
an N-terminally 2xFLAG tagged human midnolin using a CMV promoter. (C) Loss _for the indicated time points. Error bars indicate SD from three biological replicates. 
of midnolin increased the expression of IEG proteins in primary cortical neurons. Data were analyzed using an ordinary one-way ANOVA followed by Tukey's multiple- 
Neurons were isolated from E16.5 mouse brains and cultured in a dish. On day 3 comparisons test; ****P < 0.0001. 
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Fig. 3. Midnolin can promote the degradation of numerous transcriptional 
regulators. (A) Schematic showing the midnolin GPS ORFeome screen. The GPS 
ORFeome library (~12,000 barcoded human ORFs tagged to GFP) was 
introduced into MIDN KO HEK-293T, and the library-expressing cells were 
transfected with BFP control or midnolin coexpressing BFP before FACS sorting 
the library into populations based on the GFP/DsRed ratio (figure created with 
BioRender.com). (B) Analysis of the GPS ORFeome screen showing the change in 
protein stability (APSI) between midnolin and BFP, which was calculated based 
on the change in read distribution of the barcoded ORFs. Approximately 5% of 
the library showed significant destabilization with APS! values <—0.5. Several 
validated hits from the screen are shown in the boxed table. (©) GSEA based on 
the GPS ORFeome screen for molecular function. (D) Validation of screen hits 


through gain-of-function screening, we uncovered 
many potential targets of midnolin that have 
important tissue or cell type-specific functions 
in regulating gene expression. 
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Midnolin associates both with its substrates 
and the 26S proteasome 

To begin to determine how midnolin promotes 
the degradation of a large diverse set of pro- 


BFP GMidnolin 
mTOR = = = 
Ramos B cells 


indicates their potent regulation by midnolin. GPS reporters for the indicated 
genes were stably expressed in MIDN KO HEK-293T cells, and a control BFP 
or midnolin coexpressing BFP was transiently transfected before analyzing the 
GFP/DsRed ratio by flow cytometry. (E) Endogenous proteins of numerous 
screen hits are regulated by midnolin. Immunoblotting was performed from wild- 
type, MIDN KO, and MIDN KO HEK-293T cells in which midnolin expression was 
stably induced with doxycycline (100 ng/ml) for 2 days using a TRE promoter. 
Shown are putative midnolin targets (red) based on the GPS ORFeome screen 
and negative controls (black). (F) Validation of midnolin-mediated degradation 
of endogenous IRF4 in Ramos B cells. Immunoblotting was performed from 
Ramos B cells expressing Cas9, control or MIDN targeting sgRNAs, or stably 
overexpressing midnolin using an EFlo. promoter. 


teins, we generated a HEK-293T cell line in 
which endogenous midnolin was tagged at its 
N terminus with 3xHA to facilitate immuno- 
precipitation. We found by mass spectrometry 
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that endogenous midnolin coimmunoprecipi- 
tated essentially all proteasomal subunits of the 
19S regulatory particle and the 20S proteolytic 
core particle (Fig. 4A and data S3). These pro- 
teasomal subunits were the most abundant 
proteins detected by mass spectrometry. Also, 
there were no proteins aside from the pro- 
teasomal proteins that were both coimmuno- 
precipitated by midnolin and scored in our 
genome-wide CRISPR-Cas9 screens (data S3 and 
Fig. 1, A to C). These results suggested that mid- 
nolin likely interacts directly with the proteasome. 
In addition, by mining the BioPlex protein-protein 
interaction dataset (17), we found that several 
IEG proteins, including EGRI, FosB, and NR4:A1, 
as well as a proteasomal component, PSMD2, 
coimmunoprecipitated endogenous midnolin 
in HEK-293T cells (fig. S3A). 

To confirm the mass spectrometry findings, 
we treated HEK-293T cells expressing 3xHA- 
tagged midnolin with MG132 to prevent sub- 
strate degradation or with phorbol 12-myristate 
13-acetate (PMA), a protein kinase C agonist, to 
induce the transcription of IEGs (78). Endoge- 
nous midnolin interacted with c-Fos, FosB, EGR1, 
and NR4A1, as well as the proteasome, as indi- 
cated by PSMD2 and PSMA2, components of 
the 19S and 20S proteasome, respectively (Fig. 
4B). Like serum-stimulated fibroblasts and KCl- 
treated neurons, exposure of HEK-293T cells to 
PMA led to an increase in the level of the mid- 
nolin protein (Fig. 4B). Thus, midnolin interacts 
with the proteasome to promote the degrada- 
tion of midnolin-bound proteins. 


Midnolin promotes ubiquitination-independent 
degradation of bound substrates 


We next investigated whether midnolin targets 
its substrates for destruction by a ubiquitination- 
and proteasome-dependent mechanism. Individ- 
ual GPS reporters of midnolin substrates were 
stably expressed in MIDN KO HEK-2938T cells, 
which were transfected with BFP control or 
midnolin coexpressing BFP. These reporter cells 
were then treated for 6 hours with the pro- 
teasome inhibitor MG132 or TAK-243, a potent 
inhibitor of the E1 ubiquitin-activating enzymes 
UBAG and UAE that inhibits protein ubiquiti- 
nation globally (79). Although the proteasome 
inhibitor MG132 strongly reduced the midnolin- 
mediated degradation of these midnolin sub- 
strates, the ubiquitin El inhibitor TAK-243 did 
not disrupt midnolin function (fig. S3B). By 
contrast, both MG132 and TAK-243 promoted 
stabilization of c-Myc, which does not appear 
to be a midnolin substrate (fig. S3B). Further- 
more, when we treated HEK-293T cells express- 
ing 3xHA-tagged midnolin with MG132 or TAK- 
243 for 6 hours, we found that the proteasome 
inhibitor MG132 led to a potent increase in the 
expression of the midnolin protein, but the 
El inhibitor TAK-243 caused a slight decrease 
in the level of midnolin. Conversely, the level of 
c-Myc and p27, two transcriptional regulators 
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that are known to be targeted for proteasomal 
degradation in a ubiquitination-dependent man- 
ner, increased upon exposure to TAK-243 or 
MG132 (Fig. 4C) (20-22). Thus, midnolin does 
not appear to require ubiquitination for its own 
turnover by the proteasome. 

To further test the requirement of ubiquitina- 
tion for midnolin-mediated degradation, poten- 
tial ubiquitination sites were mutated in several 
midnolin substrates. Because canonical ubiquiti- 
nation occurs on lysine residues, all lysine 
residues within these substrates were mutagen- 
ized to arginine to block lysine-dependent ubi- 
quitination (23-25). Wild-type and K-to-R mutant 
substrates, such as EGR1, FosB, c-Fos, NR4A1, 
NeuroD1, and IRF4, interacted with endogenous 
midnolin to a similar extent (Fig. 4D). When 
stably expressed in MZDN KO HEK-298T cells, 
both wild-type and K-to-R mutant substrates 
were efficiently degraded upon doxycycline- 
induced midnolin overexpression (Fig. 4E), indi- 
cating that lysine residues were not required for 
midnolin-dependent substrate destruction. Thus, 
it seems that midnolin directly associates with 
the proteasome and promotes the degradation of 
many transcriptional regulators without requir- 
ing their ubiquitination. 


Midnolin contains three domains that function 
in concert to promote proteasomal 
degradation of bound substrates 


To gain insight into how midnolin interacts 
with the proteasome and its numerous sub- 
strates, we used AlphaFold to obtain a predicted 
structure of midnolin, which revealed three con- 
fidently predicted and highly conserved regions 
with defined structure (Fig. 5A and fig. S4, A 
and B) (26). Midnolin does not contain struc- 
tural elements that are characteristic of RING- 
or HECT-type ubiquitin ligases (27) and does not 
contain a ubiquitin-binding domain character- 
istic of proteasomal processivity factors such 
as Rad23 or ubiquilin (28). Instead, midnolin 
contains a ubiquitin-like domain (Ubl) toward 
its N terminus. Additionally, midnolin contains 
two discontinuous regions, each composed of 
two predicted antiparallel § strands and two 
or three a helices, that appear to fold together 
to form a domain with internal symmetry. For 
reasons discussed below, we named this region 
of midnolin the “Catch” domain. Finally, midno- 
lin contains a long a helix toward its C terminus, 
called oHelix-C, which includes a predicted nu- 
clear localization sequence (NLS). Indeed, endog- 
enous midnolin was largely located within the 
nucleus, and deletion of the predicted NLS, but 
not other regions of midnolin, resulted in its 
localization to the cytoplasm (fig. S5, A and B). 

To determine whether these three regions are 
important for midnolin function, we transiently 
expressed wild-type and mutant versions of 
midnolin in MIDN KO HEK-298T cells stably 
expressing the GPS IRF4 or FosB reporters 
(Fig. 5, B and C). Although wild-type midnolin 


potently promoted IRF4 and FosB destruc- 
tion, point mutations of the Ubl or deletions of 
the Ubl, Catch, oHelix-C, or NLS domains ab- 
rogated midnolin function (Fig. 5C and fig. S6A). 

We next performed coimmunoprecipitation 
experiments to identify midnolin domains that 
are required for its interaction with substrates 
and/or the proteasome. Point mutations or de- 
letion of the Ubl domain did not disrupt the 
stable association of midnolin with EGR1 or the 
proteasome (Fig. 5D). However, mutagenesis of 
the Ubl domain potently increased midnolin 
levels, and these Ubl mutants were only margin- 
ally sensitive to MG132 (Fig. 5D). This suggests 
that the ubiquitination-independent degrada- 
tion of midnolin that we observed previously 
(Fig. 4C) is dependent on its Ubl domain. By con- 
trast, deletion of the NLS or entire C-terminal 
o helix revealed that this domain is necessary for 
midnolin to interact stably with the proteasome 


but not its substrates (Fig. 5D). This association ~ 


with the proteasome was not affected by inhibi- 
tion of the proteasome or E1 ubiquitin-activating 
enzymes (fig. S6B). When fused to maltose- 
binding protein (MBP), the midnolin helix con- 
ferred the ability to interact with the proteasome 
(Fig. 5E). Thus, the C-terminal midnolin helix is 
both necessary and sufficient to bind the pro- 
teasome and midnolin and, unlike the processi- 
vity factors Rad23 and ubiquilin, engages the 
proteasome stably independently of the Ubl 
domain (Fig. 5D) (29, 30). 

Deletion of the regions that fold together to 
form the Catch domain (the N-terminal Catch1 
and C-terminal Catch2 subdomains) abolished 
the interaction of midnolin with its substrates 
without affecting its ability to bind the protea- 
some (Fig. 5D). In growth-arrested NIH/3T3 
cells in which the level of endogenous mid- 
nolin substrates was induced upon serum re- 
stimulation, the interaction of midnolin with its 
substrates also required the Catch domain (fig. 
S6C). To determine whether the Catch domain 
is both necessary and sufficient to engage mid- 
nolin substrates, we immunoprecipitated trans- 
fected wild-type, Catch domain-deleted midnolin 
or the Catch domain alone in HEK-293T cells 
and assessed the interaction with various sub- 
strates and proteasomal components. Deletion 
of the Catch domain abolished the interaction 
of midnolin with its substrates while retaining 
proteasome binding, and the Catch domain 
alone was sufficient to bind midnolin substrates 
(Fig. 5F). Catch1 and Catch2 are separated by a 
long, 111-amino acid unstructured sequence that 
is poorly conserved. We shortened this Catch1 
and Catch2 linker to 10 amino acids (ALoop1), 
16 amino acids (ALoop2), or 28 amino acids 
(ALoop3). These midnolin variants still interacted 
with substrates and promoted their degradation, 
indicating that the long stretch connecting Catch1 
and Catch2 is largely dispensable (Fig. 5F and 
fig. S7, A and B). However, the length between 
Catch1 and Catch2 could not be too short, 
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Fig. 4. Midnolin associates with the proteasome to promote ubiquitination- 
independent degradation of bound substrates. (A) A 3xHA-tag was introduced at the 
N terminus of the endogenous midnolin locus in HEK-293T cells using CRISPR-Cas9— 
initiated recombination. Cells were treated with MG132 for 6 hours before 
immunoprecipitation of 3xHA-midnolin followed by mass spectrometry. The results 
revealed a large enrichment of the 26S proteasome (data S3), and shown is a 
STRING analysis of the top coimmunoprecipitated proteins identified from the mass 
spectrometry. (B) Midnolin coimmunoprecipitates the proteasome and IEG proteins 
endogenously. Immunoblotting was performed from anti-HA immunoprecipitants 
of endogenous 3xHA-midnolin from the knock-in HEK-293T cells treated with the 
indicated drugs for 6 hours. PMA was used to induce the transcription of IEGs. 
(C) Endogenous midnolin protein levels are strongly increased by proteasomal 
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inhibition but not by ubiquitin E1 inhibition. Immunoblotting was performed from 
wild-type and 3xHA-midnolin knock-in HEK-293T cells treated with 10 uM MG132 or 
500 nM TAK-243 for 6 hours. (D) Lysine-dependent ubiquitination on substrates is 
not necessary for midnolin interaction. Immunoblotting was performed from anti-HA 
immunoprecipitants of HEK-293T cells that were transfected with the indicated 
constructs, either wild-type or all lysine residues mutated to arginine residues (K-to-R 
mutants). Cells were treated with 10 uM MG132 for 6 hours. CBX8 serves as a negative 
control as it is not targeted by midnolin. (E) Midnolin does not require lysine residues 
on substrates to promote degradation. Wild-type and K-to-R mutant substrates 
were stably introduced into MIDN KO HEK-293T cells using a cytomegalovirus 
(CMV) promoter. Then, midnolin expression was induced using doxycycline 
(100 ng/ml) for 2 days using a TRE promoter before lysis and immunoblotting. 
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Fig. 5. Midnolin contains three regions that function in concert to promote 
proteasomal degradation of bound substrates. (A) Midnolin structure 
prediction by AlphaFold (Q504T8-F1) reveals three regions with defined 
structure (26). (B) Schematic representation of mutations (72) or truncations 
introduced into the midnolin cDNA. See the materials and methods for the 
truncation boundaries and regions used for sufficiency experiments. (C) Regions 
with defined structure are necessary for a functional midnolin. The GPS IRF4 
eporter was stably expressed in MIDN KO HEK-293T cells, and a control BFP or 
wild-type and mutant versions of midnolin coexpressing BFP were transiently 
transfected before analyzing the GFP/DsRed ratio by flow cytometry. (D) The 
midnolin Catch domain is necessary for binding substrates, and the C-terminal a 
helix is necessary for proteasomal association. Immunoblotting was performed 
from anti-FLAG immunoprecipitants of HEK-293T cells stably expressing 
2xFLAG-tagged midnolin using a CMV promoter. Cells were treated with 10 uM 
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MG132 for 6 hours. (E) The midnolin aHelix-C is sufficient to interact with the 
proteasome. Immunoblotting was performed from anti-FLAG immunoprecipi- 
tants of MIDN KO HEK-293T cells transfected with the indicated 2xFLAG-tagged 
proteins. (F) The midnolin Catch domain is sufficient to bind substrates. 
Immunoblotting was performed from anti-FLAG immunoprecipitants of MIDN KO 
HEK-293T cells transfected with the indicated 2xFLAG-tagged proteins. The 
1ll-amino acid sequence between Catchl and Catch2 was shortened to 10 
amino acids (ALoop1), 16 amino acids (ALoop2), or 28 amino acids (ALoop3). 
Cells were treated with 10 uM MG132 and 20 ng/ml of PMA for 6 hours. 

(G) The Catchl and Catch2 regions of midnolin interact when expressed as 
independent proteins. Immunoblotting was performed from anti-HA immuno- 
precipitants of MIDN KO HEK-293T cells cotransfected with 2xHA-GFP-Catchl 
and 2xFLAG-MBP-Catch2 constructs, where “e” signifies empty 2xHA-GFP 

or 2xFLAG-MBP. 
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Fig. 6. Midnolin catches regions within its substrates that constitute a 
B-strand degron. (A) AlphaFold structure prediction of midnolin bound to its 
substrate IRF4 reveals an adopted B-strand capture model. (B) Midnolin requires 
the predicted strand within IRF4 to promote degradation. The GPS IRF4 
eporters were stably expressed in MIDN KO HEK-293T cells, and a control BFP 
or midnolin coexpressing BFP was transiently transfected before analyzing the 
GFP/DsRed ratio by flow cytometry. (€) Predicted B strands are necessary for 
interaction with midnolin. Immunoblotting was performed from anti-FLAG 
immunoprecipitants of 3xHA-midnolin knock-in HEK-293Ts transfected with 
2xFLAG-tagged substrates. For FosB, the comparison is between the full-length 
protein and AFosB. Cells were treated with 10 uM MG132 for 6 hours. See the 
materials and methods for the truncation boundaries. (D) Amino acid frequency 
of midnolin substrate B strands predicted by AlphaFold reveals a strong 
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preference for hydrophobic residues. “Inward” is defined by the residues buried 
within the Catch domain, and “Outward” is defined by the solvent-exposed 
residues. (E) The hydrophobicity of residues within the B strand was determined 
by a mean hydrophobicity index at pH 7 (70, 71) of residues immediately before, 
within, or immediately after the B strand. (F) AlphaFold structure prediction of 
the midnolin Catch domain bound to IRF4. (G) Hydrophobic B-strand residues 
buried within the Catch domain are required for midnolin interaction [similar 
assay as in (C) but from cells transfected with the 2xFLAG-tagged IRF4 
constructs]. (H) Midnolin requires the hydrophobic B-strand residues buried 
within the Catch domain to promote degradation [similar assay as in (B)]. 

(I) Regions encompassing predicted B strand(s) are sufficient for conferring an 
interaction with midnolin [similar assay as in (C) but from cells transfected 
with the indicated 2xFLAG-GFP-peptide fusions]. 
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because the shortest linker (ALoop1, 10 amino 
acids) did attenuate the interaction of mid- 
nolin with certain substrates (Fig. 5F and fig. 
S7A). Thus, the linker between Catch1 and 
Catch2 may still be important for proper flexi- 
bility or folding of the Catch domain. 

Given the importance of the Catch domain 
for binding substrates, we further validated the 
AlphaFold prediction that Catch1 and Catch2 
fold together. This folding may be strongly driven 
by hydrophobicity, because the core of the Catch 
domain is composed exclusively of highly con- 
served hydrophobic amino acids (fig. S7C). To 
validate that Catch1 and Catch2 fold back to 
bind each other in a process driven by hydro- 
phobicity, we expressed each separately by 
tagging Catch1 to 2xHA-GFP and Catch2 to 
2xFLAG-MBP. We also generated a series of 
mutants for both Catch1 and Catch2 in which 
some hydrophobic residues predicted by Alpha- 
Fold to drive the interaction were changed to 
aspartic acid. As a control, we mutagenized a 
solvent-exposed residue on Catch1 (S134) and 
Catch2 (R301) because these were not predicted 
to contribute to the binding between Catch1 and 
Catch2. These epitope-tagged Catch1 and Catch2 
constructs were expressed in MZDN KO HEK- 
293T, and 2xHA-GFP-Catch1 was immunopre- 
cipitated. Indeed, Catch1 and Catch2 bound each 
other when expressed as independent proteins, 
and mutagenesis of the hydrophobic residues 
to aspartic acid abolished the interaction (Fig. 
5G). This contrasts with mutagenesis of the 
solvent-exposed residues, which did not alter 
the Catch1-Catch2 interaction as anticipated. 
We also introduced these same mutations into 
full-length midnolin, and only mutagenesis of 
the hydrophobic residues abolished the ability 
of midnolin to bind with and promote the deg- 
radation of its substrates (fig. S7, B and D). The 
hydrophobic core was important for the func- 
tion of the Catch domain, because mutagenesis 
of additional hydrophobic residues to aspartic 
acid attenuated the ability of midnolin to pro- 
mote the degradation of its substrates, including 
IRF4 and FosB (fig. S7E). 

Therefore, midnolin is primarily localized 
within the nucleus, associates with the pro- 
teasome using its long C-terminal o helix, binds 
substrates using its hydrophobic Catch domain, 
and contains a Ubl domain that is necessary to 
promote substrate degradation. Overall, these 
three regions of midnolin function in concert to 
promote ubiquitination-independent proteaso- 
mal degradation of bound substrates. 


Midnolin “catches” regions within its 
substrates that constitute a B-strand degron 


We wondered how midnolin achieves substrate 
selection through its Catch domain given its 
ability to promote the destruction of many 
diverse proteins. Canonically, E3 ubiquitin 
ligases bind short linear motifs within sub- 
strates, called degrons, in which the amino acid 
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side chains play crucial roles in determining 
substrate specificity (37-34). To gain insights 
into how midnolin achieves substrate selection, 
we used AlphaFold to predict the structure of 
the midnolin-substrate bound complex (26). 
The AlphaFold predictions for midnolin bound 
to IRF4 (Fig. 6A) revealed that a predicted un- 
structured region of native IRF4 (fig. S8A) formed 
a strand upon binding to the midnolin Catch 
domain (fig. S8B), thereby completing a five- 
stranded antiparallel B-sheet tertiary structure. 
Consistent with this AlphaFold-predicted inter- 
action, a small deletion within IRF4 that en- 
compassed the predicted 8 strand abolished the 
ability of midnolin to promote IRF4 degradation 
(Fig. 6B). 

To determine the generality of this §-strand 
capture mechanism, we performed the Alpha- 
Fold structure predictions for the 508 most 
destabilized proteins uncovered in the GPS 
ORFeome screen. The Protein Data Bank (PDB) 
files for these 508 predictions can be accessed on 
Dryad using the DOI 10.5061/dryad.m905qfv6g. 
Approximately 40% (205/508) of the proteins 
have predictions that are consistent with them 
being captured by midnolin (data S4). We sys- 
tematically compared the AlphaFold-predicted 
structure of midnolin substrates in the native 
and midnolin-bound states. The regions pre- 
dicted to be captured by midnolin are general- 
ly more unstructured than the rest of the same 
protein in the native state but have the po- 
tential to form a B strand upon binding the 
Catch domain (fig. S8C). We validated these 
findings by introducing into several represen- 
tative midnolin substrates small deletions that 
encompassed the predicted f strand and tested 
the ability of midnolin to interact with and pro- 
mote the degradation of these mutants. In each 
case, deletion of the predicted 8 strand abro- 
gated the ability of midnolin to both interact 
with substrates (Fig. 6C) and promote their 
degradation (fig. S9, A to D). 

The AlphaFold predictions yielded several 
different modes of midnolin-FosB interaction, 
raising the possibility that the N and C termi- 
nus of FosB have the potential to form multi- 
ple different B strands that could be captured 
by midnolin. We generated various truncated 
forms of FosB to determine which regions were 
necessary for midnolin to promote degradation 
and found that the C-terminal 101 amino acids 
were required (fig. S10A). Truncation of the last 
101 amino acids of FosB results in a naturally 
existing splice isoform called AFosB, which was 
shown to be significantly more stable than 
other Fos family members, although the molec- 
ular basis for this increased stability was 
unknown (35). Previous studies have shown 
that chronic and repeated exposure to drugs of 
abuse such as cocaine leads to week-long ac- 
cumulation of AFosB protein expression in the 
nucleus accumbens, a brain region crucial for 
addiction (35, 36). Indeed, overexpression of 


AFosB in neurons of the nucleus accumbens 
sensitizes animals to the effects of cocaine 
and may thus contribute to addiction (37). In 
contrast to full-length FosB, midnolin weakly 
interacted with and less effectively promoted 
the degradation of AFosB (Fig. 6C and fig. 
S10A). Our findings therefore provide a mech- 
anistic explanation for the increased stability of 
AFosB. Nevertheless, AFosB is eventually de- 
graded, and this may require the N terminus of 
FosB, which is also predicted by AlphaFold to 
form a B strand that can be captured by mid- 
nolin. Deletion of the predicted N-terminal B 
strand region within AFosB largely abolished 
its ability to be targeted for decay by midnolin 
(fig. SIOB). Thus, a protein can contain more than 
one region that can be captured by midnolin. 

Having identified sequences that mediate the 
midnolin-substrate interaction, we investigated 
whether specific amino acids were enriched or 
depleted over others within the predicted B - 
strands captured by the midnolin Catch domain. 
Within these f strands, we observed a marked 
depletion of charged amino acids, including 
aspartic acid and glutamic acid, as well as pro- 
line (Fig. 6D), which is known to disrupt 8 strands 
(38). Instead, there was a strong enrichment for 
hydrophobic amino acids within the midnolin- 
induced £ strands, which overall were signifi- 
cantly more hydrophobic than the average of 
all other regions within the same protein (Fig. 
6E and fig. S10C). Once bound by midnolin, 
these hydrophobic B strand residues were pre- 
dicted to be buried within the core of the Catch 
domain (inward), whereas charged amino acids 
tended to point outward and were solvent ex- 
posed (Fig. 6, D and F, and fig. S1OD). The en- 
richment for hydrophobicity within the 8 strands 
is consistent with the fact that the core of the 
Catch domain is also highly hydrophobic and 
required for catching hydrophobic regions within 
substrates. To validate these predictions, two 
residues (G218 and T219) at the center of the 
predicted IRF4 8 strand were mutagenized to 
proline to potentially disrupt B-strand forma- 
tion, or the hydrophobic residues buried within 
the interior of the Catch domain (V216, and 
F220) were mutagenized to aspartic acid to 
disrupt potential hydrophobic interactions. 
Consistent with the AlphaFold predictions, both 
the introduction of prolines and mutagenesis of 
the hydrophobic residues to aspartic acid with- 
in the f strand abolished the ability of midnolin 
to interact with (Fig. 6G) and promote the deg- 
radation of IRF4 (Fig. 6H). Similar results were 
obtained after mutagenesis of the corresponding 
residues within the EGR1-adopted £ strand (fig. 
S10, E and F). 

We next tested whether midnolin could inter- 
act with and promote the degradation of GFP 
fused to a short sequence containing the B-strand 
degron(s) within substrates. Midnolin interacted 
with (Fig. 61) and promoted the degradation of 
GFP fused to short stretches within EGR1, IRF4, 
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and the C-terminal tail of FosB that was de- 
pendent on the hydrophobicity of the predicted 
6 strand (fig. S10, G and H). Thus, the B strands 
predicted by AlphaFold are necessary and suffi- 
cient to interact with midnolin for proteasomal 
degradation. 

We conclude that midnolin achieves substrate 
selection through a general mechanism: Cap- 
tured regions within substrates have the abil- 
ity to form a B strand that is biochemically 
compatible with the hydrophobic core of the 
Catch domain. 


Discussion 


In this study, we identified a protein called 
midnolin that targets stimulus-induced trans- 
cription factors such as c-Fos, FosB, EGR1, NR4A1, 
and IRF4 to the proteasome for degradation. 
Disrupting midnolin function in various cell 
types increases the peak abundance of these 
transcription factors and prolongs their expres- 
sion. It is not uncommon for a protein to be 
targeted for proteasomal degradation by multi- 
ple mechanisms, and these stimulus-responsive 
transcription factors may not be targeted for 
degradation solely by midnolin. Rather, it is pos- 
sible that these proteins are also targeted by a 
ubiquitination-dependent pathway that func- 
tions in parallel with midnolin and could be the 
primary mechanism of degradation in some con- 
texts. Indeed, it has been reported that Fos family 
members are targeted by both ubiquitination- 
dependent and -independent mechanisms (7). 
We found that midnolin is induced by diverse 
stimuli, and its induction may act as a post- 
translational feedback circuit to limit the time 
course of expression of these stimulus-responsive 
transcription factors. Through a gain-of-function 
genetic screen, we identified a large group of 
potential targets of midnolin strongly enriched 
for nuclear proteins, especially transcriptional 
regulators, revealing that midnolin functions 
broadly to promote the degradation of proteins 
in the nucleus, where midnolin itself is pre- 
dominantly localized. 

The biological functions of midnolin are 
likely complex. Many of its substrates play cen- 
tral roles in the nervous and immune systems, 
and thus it will be important to establish the 
physiological function of midnolin in vivo. 
Midnolin was initially discovered because of 
its strong induction in the midbrain early during 
embryonic development (39). However, how 
midnolin expression is induced both during 
development and in cultured cells is currently 
unclear. Midnolin may have evolved to inte- 
grate various upstream stimuli and shape the 
proteome swiftly as a crucial response to the ini- 
tial stimuli. Many midnolin substrates, including 
IEG proteins and lineage-specific transcription 
factors, undergo a transient burst of expression 
either in response to a particular stimulus or 
during a specific stage of development, and thus 
the prolonged expression of these transcription 
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factors could be detrimental to organismal 
physiology. Indeed, previous studies have shown 
that chronic and repeated exposure to drugs of 
abuse such as cocaine leads to week-long accu- 
mulation of AFosB, which plays a crucial role 
for addiction in the nucleus accumbens of the 
brain (35-37). Our finding that AFosB is resist- 
ant to midnolin-dependent degradation provides 
a glimpse into the role that midnolin could play 
in brain function. Given that many IEG proteins 
are efficiently targeted for degradation by mid- 
nolin and that the precise expression of IEGs is 
critical for learning and memory (/, 3, 40), it is 
possible that disrupting or boosting midnolin 
function could affect the ability of animals to 
efficiently learn and store information in the 
brain. 

IRF4, another midnolin substrate, is a lineage- 
specific transcription factor that is essential for 
the function and homeostasis of mature B and 
T cells and is an oncogenic driver of multiple 
myeloma (15, 16, 41). IRF4 protein expression is 
potently induced by diverse stimuli, including 
T cell receptor signaling and cytokines (42-45). 
How the IRF4 protein returns to baseline after 
stimulation was unknown, and our finding that 
IRF4 is potently targeted for degradation by 
midnolin may provide insights into the function 
of midnolin in the immune system. Taken 
together, these findings suggest that midnolin 
may serve as a key regulator that determines the 
precise expression kinetics of stimulus-induced 
transcription factors by controlling their pro- 
tein stability in various cell types or tissues. 
In principle, midnolin could be used to target 
different proteins under different circumstan- 
ces. For example, in flies, it was reported that a 
midnolin ortholog, Stuxnet, is cell cycle regu- 
lated and promotes Pc protein degradation in 
mitosis during development (/4). 

We found that midnolin promotes the degra- 
dation of its targets in a proteasome-dependent 
but ubiquitination-independent manner. This 
is supported by multiple lines of evidence. 
Removal of lysine residues from many midnolin 
targets did not abrogate the ability of midnolin 
to bind with and promote their destruction. A 
caveat to this interpretation is that ubiquitina- 
tion can occur on the N-terminal amine of the 
first amino acid if it is not acetylated or, more 
rarely, on other residues such as cysteine, serine, 
or threonine (24). However, in contrast to the 
effects of proteasomal inhibition, blocking the 
El ubiquitin-activating enzyme did not abrogate 
midnolin function while stabilizing canonical 
substrates of the ubiquitin-proteasome system. 
These experiments allowed us to conclude that 
midnolin does not require ubiquitination for its 
degradative function. Instead, midnolin engages 
substrates using its Catch domain, which binds 
a hydrophobic region capable of f-strand for- 
mation that functions as a degron. Midnolin 
associates with the proteasome using its long, 
C-terminal o helix and contains an N-terminal 


ubiquitin-like domain that is essential to pro- 
mote the degradation of bound substrates. We 
hypothesize a model whereby the concerted 
action of these three regions of midnolin allows 
for the ubiquitination-independent protea- 
somal degradation of midnolin-bound pro- 
teins (Fig. 7). 

Previous work demonstrated that ornithine 
decarboxylase is targeted directly to the pro- 
teasome for degradation through a C-terminal 
unstructured sequence (46-49). However, the 
regions within substrates captured by midnolin 
are unlike any others previously described for 
E3 ubiquitin ligases. The midnolin degron 
appears to be generally unstructured but has 
the potential to form a 8 strand upon binding 
midnolin, with aliphatic residues of the degron 
buried within the hydrophobic core of the Catch 
domain. The integration of the B-strand degron 
into the Catch domain appears to complete a 
five-stranded antiparallel B-sheet structure. The 
somewhat degenerate nature of these hydro- 
phobic degrons in various substrate proteins 
is likely explained by the fact that B sheets are 
stabilized not only by side chain interactions 
but also by backbone hydrogen bonding (50), 
which may reduce the need for specific amino 
acid interactions. A region with the propensity 
to form a f strand that is also biochemically 
compatible with the hydrophobic core of the 
Catch domain may be present in many proteins, 
thereby explaining how midnolin recognizes a 
diverse set of proteins. Given the ubiquity of 
such f strands as structural elements of proteins, 
midnolin recognition of unfolded proteins could 
behave as a general quality control mechanism. 

How midnolin initiates the degradation of 
bound substrates is not completely understood 
mechanistically. We do not know if midnolin 
interacts with its targets before binding to the 
proteasome or if it associates with the pro- 
teasome constitutively and then recruits its 
substrates, thus defining a new subclass of pro- 
teosomes in the nucleus. We favor the latter 
possibility, because a unique feature of midnolin 
is that it interacts stably with the proteasome 
using a C-terminal o helix but not its Ubl 
domain. This is unlike the processivity factors 
Rad23 and ubiquilin, which bind ubiquitinated 
cargo and use their Ub] domain to interact 
with the proteasome (29, 30, 51-53). How the 
midnolin a helix binds the proteasome is cur- 
rently unclear, and we do not yet understand 
how the Ubl functions. However, the Ubl domain 
of midnolin is necessary for the degradation of 
bound substrates, and it is noteworthy that 
midnolin itself is efficiently degraded by the 
proteasome in a ubiquitination-independent 
manner that requires the Ubl domain. Whether 
midnolin is reused or being degraded along 
with the substrate remains to be determined. 
We hypothesize that when midnolin interacts 
with a substrate, a conformational change occurs 
that allows the proteasome to recognize the Ubl 
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Fig. 7. Model for how midnolin functions to promote ubiquitination-independent proteasomal degra- 
dation. Midnolin is induced by growth factors and neurological stimuli, and its overexpression is sufficient 
to cause the degradation of its targets, including transcription factors such as c-Fos, FosB, ERG], NR4A1, 
IRF4, and potentially many other proteins within the nucleus, where midnolin primarily resides. The degradation of 
its substrates does not require ubiquitination. Instead, midnolin uses its Catch domain to bind unstructured 
hydrophobic regions within substrates that have the potential to form a B strand that functions as a midnolin 
degron. Midnolin associates with the proteasome using its long C-terminal o helix and promotes the destruction of 
Catch-bound substrates through its N-terminal ubiquitin-like domain. Structures of the midnolin domains are 
derived from AlphaFold predictions. How the C-terminal o helix of midnolin binds the proteasome, whether a 
conformational change occurs after substrate binding, and how the ubiquitin-like domain confers degradative 
activity require further investigation (figure created with BioRender.com). 


domain transiently to promote the degradation 
of the bound substrate with or without midnolin 
also being degraded. Structural and biochemical 
analyses are required to deepen our understand- 
ing of this noncanonical docking and degrada- 
tive mechanism. 

Our results suggest that the midnolin-proteasome 
pathway may represent a general mechanism 
by which the proteasome bypasses the tra- 
ditional ubiquitination system to achieve se- 
lective degradation of many nuclear proteins. It 
has been reported that in bacteria, which do 
not contain the ubiquitin-proteasome system, 
a hierarchy of adaptors mediate selective deg- 
radation of diverse proteins by the proteasome- 
equivalent ClpXP protease complex (54, 55). It 
will be of interest to determine whether, in the 
course of evolution, additional proteins have 
evolved to recruit proteins directly to the pro- 
teosome for degradation. 


Materials and Methods 
Cell culture 


HEK-293T (ATCC, CRL-3216, RRID: CVCL_0063) 
and NIH/3T3 (ATCC, CRL-1658, RRID: CVCL_0594) 
cells were cultured at 37°C and 5% CO, in Dulbecco's 
modified Eagle’s medium (DMEM) (Thermo 
Fisher Scientific, 11965118) supplemented with 
100 units/ml penicillin, 0.1 mg/ml streptomycin 
(Thermo Fisher Scientific, 15070063), and 10% 
fetal bovine serum (Cytiva, SH30088.03). Ramos 
B cells (ATCC, CRL-1596, RRID: CVCL_0597) 
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were cultured in RPMI 1640 medium (Thermo 
Fisher Scientific, A1049101) supplemented with 
100 units/ml penicillin, 0.1 mg/ml streptomycin, 
and 10% fetal bovine serum. NIH/3T3 cells were 
starved overnight of serum and restimulated the 
following day with 20% serum for the indicated 
time points. 

Animals were handled according to the pro- 
tocol (IS00000074-6) approved by the Harvard 
University Office of the Institutional Animal 
Care and Use Committee, HMA Standing Com- 
mittee on Animals and were in accordance 
with federal guidelines. Mouse cortical neurons 
were isolated and cultured as described previ- 
ously (56). In short, embryonic cortices from 
wild-type C57BL/6NCrl mice (Charles River 
Laboratories strain number 027, five to 10 em- 
bryos, both males and females) were dissected 
at embryonic day 16.5 (E16.5) and dissociated 
with papain (Sigma Aldrich, 10108014001). After 
terminating the papain digestion with ovo- 
mucoid (trypsin inhibitor from Worthington), 
cells were triturated gently through a P1000 
pipette before passing through a 40-um filter, 
and then plated on cell culture dishes coated 
with poly-D-lysine (20 ug/ml) and laminin 
(4 ug/ml). The culture medium used for neu- 
rons was Neurobasal medium (Gibco) that con- 
tains 2% B27 supplement, penicillin-streptomycin 
(50 U/ml penicillin and 50 U/ml streptomycin), 
and glutaMAX (1 mM). The neurons were cul- 
tured at 37°C and 5% COs, treated with corres- 


ponding viruses at 3 days in vitro (DIV) while 
adding fresh culture medium at the same time 
(35% of total volume), silenced on 10 DIV over- 
night by the addition of 1 uM tetrodotoxin 
(TTX; Abcam, ab120055) and 100 uM AP5 
(Thermo Fisher, 01-061-0), and harvested at 
11 DIV after treatment with KCl stimulation 
buffer composed of 52.8 mM KCI, 0.62 mM 
CaCl,, 0.31 mM MgCl, and 3.1 mM HEPES, 
pH 7.4, for the indicated times. 

Cells were treated with 20 ng/ml PMA 
(Thermo Fisher Scientific, J-63916-MA), 10 uM 
MG132 (Selleckchem, $2619), or 500 nM TAK-243 
(Selleckchem, $8341) from 1000~ stock solu- 
tion in dimethylsulfoxide (DMSO) for 6 hours 
unless stated otherwise. 


Plasmids and cloning 


The genome-wide CRISPR-Cas9 single-guide 
RNA (sgRNA) root library (five sgRNAs/gene, 


94,335 sgRNAs total) was used previously, and ~- 


the sgRNA information can be found in data 
S1 (67). The barcoded GPS ORFeome expression 
library was generated previously (13). The plas- 
mids for human cDNAs containing a stop codon 
and conferring kanamycin resistance were ob- 
tained from the Ultimate ORF Clone collection 
(Thermo Fisher Scientific) in the form of Gateway 
entry clones: MIDN (IOH62653, BC094778.1), 
FOSB (10H62162, NM_006732.2), FOS (IOH5624, 
NM_005252.3), ATF2 (1OH37849, NM_001880.2), 
CREB3 (IOH14437, BC009402.2), CREB5 (IOH53714, 
NM_001011666.1), ATF3 (OH6465, NM_001674:2), 
BATF2 (10H13295, BC012330.1), COMMD9 
(IOH12792, NM_014186.3), CIIORF31 (IOH58679, 
NM_170746.2), ZNF621 (IOH44483, NM_198484.3), 
SERTAD2 (I0H42292, NM_014755.2), LMX1A 
(10H34878, NM_177398.2), LMX1B (IOH34707, 
NM_002316.2), HOXD3 (IOH5660, NM_006898.4), 
CHCHD2 (IOH3869, NM_016139.2), FNDC3B 
(10H10620, BCO12204.1), SOX12 (IOH4.0697, 
NM_006943.2), TAXIBP3 (IOH13074, NM_ 
014604.2), PAX4: (IOH34:754, BCO74761.2), FOXA3 
(IOH10014, NM_004497.2), STYX (IOH10157, 
NM_1452513), ZNF764 (IOH6451, NM_033410.2), 
RelB (OH11686, NM_006509.2), PRRX1 (IOH36664, 
NM_006902.3), IRF1 (IOH2022, NM_002198.2), 
IRF2 (IOH10126, NM_002199.3), IRF8 1OH42114, 
NM_002163.2), IRF9 (IOH28745, NM_006084.4), 
MYC (1OH2954, P01106), SPINDOC (IOH28799, 
NM_138471.1), PPDPF (OH4080, NM_024299.2), 
PAX8 (10H3823, NM_003466.3), FOXS1 (1OH13387, 
NM_004118.3), NEUROD1 10H3394, NM_002500.2), 
MIER2 (10H40210, NM_017550.1), IRF4: (OH12141, 
NM_002460.2), GATAI 1OH57792, NM_002049.3), 
CITED! (10H5542, BC004240.1), and XRCC1 
(I0H4.0644, NM_006297.2). 

The plasmids for human cDNAs lacking a 
stop codon and conferring spectinomycin resis- 
tance were obtained from the Human ORFeome 
library V8.1 (Dana Farber Cancer Institute) in the 
form of Gateway entry clones: EGR1 (ORF_ID no. 
14665, BC073983.1) and NR4A1 (ORF_ID no. 292, 
BCO16147.1). 
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CBX4 and hemagglutinin (HA)-tagged wild- 
type or K-to-R mutated cDNA were generated by 
synthesis using Integrated DNA Technologies 
(IDT) with attB1 and attB2 overhangs for cloning 
into the pDONR221 (Thermo Fisher Scientific, 
12536017) through a BP recombination reaction 
(Thermo Fisher Scientific, 11789020) to generate 
the entry clone. Similarly, the following attB1 and 
attB2 overhangs we included in primers to gen- 
erate fragments for sufficiency experiments by 
polymerase chain reaction (PCR) for cloning 
into the pDONR221: attB1l, GG@GGACAAGTTTG- 
TACAAAAAAGCAGGCTTAgccacc; attB2, 
GGGGACCACTTTGTACA-AGAAAGCTGGGTA. 

Entry clones were mutagenized by PCR using 
the Q5 Site Directed Mutagenesis kit (NEB, 
E0554S) and the primers for mutagenesis were 
designed using the NEBaseChanger program. 

The midnolin amino acid sequence used was 
as follows: MEPQPGGARSCRRGAPGGACELG- 
PAAEAAPMSLATHSTTGTRYDLAVPPDETVEG- 
LRKRLSQRLKVPKERLALLHKDTRLSSGKL- 
QEFGVGDGSKLTLVPTVEAGLMSQASRPEQ- 
SVMQALESLTETQVSDFLSGRSPLTLALRV- 
GDHMMFVQLQLAAQHAPLQHRHVLAAA- 
AAAAAARGDPSIASPVSSPCRPVSSAARVPP- 
VPTSPSPASPSPITAGSFRSHAASTTCPEQM- 
DCSPTASSSASPGASTTSTPGASPAPRSRKP- 
GAVIESFVNHAPGVFSGTFSGTLHPNCQD- 
SSGRPRRDIGTILQILNDLLSATRHYQGM PP- 
SLAQLRCHAQCSPASPAPDLAPRTTSCEKLT- 
AAPSASLLQGQSQIRMCKPPGDRLRQTENR- 
ATRCKVERLQLLLQQKRLRRKARRDARGP- 
YHWSPSRKAGRSDSSSSGGGGSPSEASGLG- 
LDFEDSVWKPEANPDIKSEFVVA 

Midnolin regions for truncations or sufficiency 
experiments were as follows: AUDI, residues 31 
to 105; ACatch1, residues 112 to 156; ACatch2, 
residues 266 to 332; ANLS, residues 402 to 413; 
AaHelix-C, residues 377 to 413; aHelix-C region 
fused to MBP, residues 360 to 432; Catch do- 
main alone for sufficiency experiment, resi- 
dues 102 to 334; ALoop1, residues 160 to 260; 
ALoop2, residues 163 to 257; ALoop3, residues 
169 to 251; Catch1 fused to 2xHA-GFP, residues 
107 to 166; Catch2 fused to 2xFLAG-MBP, res- 
idues 254 to 337; FosB truncations: deletion], 
residues 2 to 42; deletion2, residues 43 to 82; 
deletion3, residues 83 to 122; deletion4, res- 
idues 123 to 149; deletion5, residues 150 to 237; 
AFosB, residues 238 to 338; predicted 8 strand 
truncations: FOXS1, residues 245 to 260; CBX4, 
residues 538 to 558; NEURODI, residues 277 to 
288; SPINDOC, residues 314 to 328; IRF4, res- 
idues 208 to 229; FOSB (N-terminal B strand), 
residues 67 to 75; EGR1, residues 128 to 145; 
B-strand sufficiency peptides: EGR1, residues 
113 to 172; IRF4, residues 192 to 248; FosB, res- 
idues 238 to 338. 

Entry clones were subcloned into the fol- 
lowing lentiviral Gateway destination vectors 
using an LR recombination reaction (Thermo 
Fisher Scientific, 11791100): pHAGE-GPS 3.0 
(13), PHAGE-GPS 3.2 (58), DPHAGE-CMV-2xFLAG- 
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N (this paper), pPHAGE-CMV-2xHA-N (this paper), 
PHAGE-CMV Puromycin (59), PHAGE EFla BFP 
(this paper), CMV-C-2xFlag expression vec- 
tor (Addgene, 118372), PHAGE TRE Blasticidin 
(this paper), PHAGE-CMV-2xHA-GFP-N (this 
paper), DPHAGE-CMV-2xFLAG-GFP-N (this paper), 
and pHAGE-CMV-2xFLAG-MBP-N (this pa- 
per). The pInducer20 mouseCD19 (59) plas- 
mid was used to generate dox-on responsive 
HEK-293T cells. 

Lentiviral CRISPR-Cas9 vectors containing 
the sgRNA of interest were cloned by first di- 
gesting the backbone lentiCRISPRv2 (Addgene, 
52961) using BsmBI (NEB, RO739S). Then, sgRNA 
oligos containing CACC or AAAC overhangs 
were obtained from IDT, phosphorylated and 
annealed together, and ligated into the linear 
backbone by T4 (NEB, M0202S) ligation. Se- 
quences were as follows: nontargeting sgControl, 
GTATTACTGATATTGGTGGG; human sgMIDN 
#1, GAAGCTGCAGGAGTTCGGCG; human sg MIDN 
#2, GCTGACCTTGGTACCCACCG; and mouse 
sgMIDN, GCGAGCTGAACACGGCCA. 


Lentivirus production 


Lentivirus was generated by transfecting HEK- 
293T cells using PolyJet (SignaGen, SL100688) 
following the manufacturer’s instructions with 
plasmids encoding Tat, Rev, Gag-Pol, and VSV-G 
and lentiviral transfer vectors. Specifically, plas- 
mid DNA was diluted into DMEM lacking sup- 
plements, and 3 ul of PolyJet reagent was used 
per 1 ug of plasmid DNA. One day after trans- 
fection, the medium was removed and the cells 
were supplemented with fresh complete cul- 
ture medium. The lentiviral supernatant was 
collected 48 and 72 hours after transfection, 
passed through a 0.45-u.m filter, and either ap- 
plied directly to cells or stored at -80°C for later 
use. For most experiments, lentivirus was pack- 
aged in six-well plates. For library preparations, 
lentivirus was packaged in eight 15-cm plates 
using 13 ug of total DNA per plate for transfec- 
tion, pooled, concentrated using the lenti-X con- 
centrator (Takara, 631232), and aliquoted. 


Midnolin overexpression and flow cytometry 


Cells were seeded in six-well plates at 200,000 
cells/well and transfected 2 days later using 
Polyjet with EFla midnolin coexpressing BFP 
or BFP alone as a negative control. The medium 
was changed 1 day after transfection, and cells 
were analyzed 2 days after transfection. 

Cells were prepared for flow cytometry by 
aspirating old media and rinsing cells once 
with phosphate-buffered saline (PBS). The 
cells were detached using 0.05% trypsin at 
room temperature, and the trypsin was neu- 
tralized using fresh complete media. The cells 
were then analyzed on a CytoFLEX S flow cy- 
tometer (Beckman Coulter, V2-B2-Y3-R2 version 
C09762) and the CytExpert software (Beckman 
Coulter) was used to collect flow cytometry data. 
All flow cytometry data were analyzed using 


FlowJo software. For FACS, a Sony MA900 was 
used for routine sorting of single clones, and a 
MoFlo Astrios (Beckman Coulter) instrument 
was used to collect cells for the CRISPR-Cas9 
and GPS ORFeome screens. 


Generating doxycycline-inducible HEK-293T cells 


Wild-type and MIDN KO HEK-293T cells were 
infected with lentivirus encoding the pInducer20 
system expressing mouse CD19 as a doxycycline- 
inducible marker for cell surface staining. After 
infection, the cells were treated with doxycycline 
(100 ng/ml) for 2 days and then stained on the 
cell surface using phycoerythrin (PE) antimouse 
CD19 antibody (BioLegend, 152407, RRID: AB_ 
2629816) for 30 min using 1 ul of antibody 
diluted in 100 pl of medium containing 1 million 
cells. The cells were rinsed twice with PBS before 
sorting for the PE-positive population. The 
sorted cells were allowed to expand for >1 week 


before being restained using PE antimouse ~- 


CD19 antibody in the absence of doxycycline in- 
duction. The PE-negative population was sorted, 
and the cells were expanded before another 
round of staining and sorting for the PE-negative 
population. This allowed for a population of 
cells that responded to doxycycline with mini- 
mal leakiness. Finally, lentivirus encoding the 
PHAGE TRE-midnolin was infected into these 
MIDN KO HEK-293T cells and selected with 
blasticidin to allow for stable, doxycycline- 
inducible expression of midnolin. 


EGRI1 and FosB CRISPR-Cas9 screens 


Genome-wide CRISPR-Cas9 screens were per- 
formed to uncover regulators of EGR1 and FosB 
protein stability. Specifically, the plasmid li- 
brary was packaged into lentivirus by transfect- 
ing HEK-293T cells using PolyJet as described 
earlier, and the lentivirus was titered to ob- 
tain a multiplicity of infection ~0.3. HEK-293T 
cells were generated to express the GPS 3.0 
FosB or GPS 3.2 EGRI reporters by selecting 
using hygromycin (200 ug/ml). These cells were 
then transduced with the titered CRISPR-Cas9 
genome-wide Root library lentivirus at a mul- 
tiplicity of infection (MOI) of ~0.3 to main- 
tain a 500x representation throughout. Cells 
were selected 48 hours after transduction for 
7 days using puromycin (2 ug/ml) to remove 
uninfected cells. On the ninth day of puro- 
mycin selection, the 95th percentile most sta- 
ble cell population was collected based on the 
GFP/DsRed ratio by FACS using a MoFlo Astrios 
instrument (Beckman Coulter). Additionally, 
the unsorted input cells were collected based 
on the number of cells collected in the en- 
riched population. Collected cells were rinsed 
once with PBS, pelleted, and stored at -80°C. 


Midnolin GPS ORFeome screen 


The GPS ORFeome screen was performed as 
described previously (13) with some modifi- 
cations. Sufficient cell numbers were used to 
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maintain at least a 300-fold coverage of the 
library throughout. The library was packaged 
into lentivirus and used to transduce MIDN KO 
HEK-298T at a MOI of 0.2. Two days after trans- 
duction, the HEK-293T cells were treated with 
2 ug/ml puromycin for 6 days to remove unin- 
fected cells, passaging the library once in 
between the selection period. The library- 
expressing cells were plated at 4 million cells/ 
plate in a 15-cm dish and transfected 2 days 
later using Polyjet with 8 ug of DNA from 
EFlo-midnolin coexpressing BFP or BFP alone 
as a negative control. The cells were harvested 
2 days after transfection and sorted into six 
stability bins based on the GFP/DsRed ratio 
by FACS using a MoFlo Astrios instrument 
(Beckman Coulter). The sorting gates were es- 
tablished using the BFP control to ensure that 
one-sixth of the population was collected per 
bin. Once the control populations were col- 
lected, the cells overexpressing midnolin were 
partitioned using the exact same sorting and 
gating settings as the control. The collected 
cells from each stability bin were rinsed once 
with PBS, pelleted, and frozen at -80°C for at 
least 12 hours. 


Deconvolution of the pooled screens 


Cell pellets were thawed and genomic DNA 
was harvested using a Gentra Puregene Core 
Kit (Qiagen). The sgRNAs or barcodes were 
then amplified by PCR using all the genomic 
DNA as a template (4 ug of DNA per reaction) 
to include stagger sequences and Q5 Hot Start 
High-Fidelity DNA Polymerase from NEB. A 
second round of PCR was performed using the 
clean PCR1 product to add the Illumina P5 and 
P7 adapter sequences. PCR2 samples were 
cleaned, pooled in the correct ratio, and se- 
quenced on a NextSeq 500 instrument. The 
abundance of sgRNAs or barcodes were ex- 
tracted from the raw sequencing data using 
Cutadapt (60) and mapped onto the refer- 
ence library using Bowtie2 (67). 

MAGeCK was used to determine the enrich- 
ment of sgRNAs in the 95the percentile relative 
to the input population (62). The MAGeCK score 
plotted on the y-axis (Fig. 1, B and C) repre- 
sents the negative loglO of the “pos|score” 
value generated by MAGeCK. 

For the GPS ORFeome analysis, the abun- 
dance of each ORF was corrected to account for 
sequencing depth and a protein stability index 
(PSI) score between 1 (most unstable) and 6 
(most stable) was calculated using the following 
formula for each extracted ORF: 


PSI=S~) Rixi 


where 7 is the number of the stability bin de- 
noted as an integer and RZ is the lumina read 
proportion extracted from the bin 7. The change 
in protein stability between midnolin and BFP is 
denoted as the difference in PSI (APSI). 
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Gene set enrichment of GPS ORFeome hits 
Gene set enrichment analysis (GSEA) was per- 
formed with GSEAPreranked (63) (v4.3.2) using 
rank weights derived from GPS ORFeome APSI 
values as input. These were tested for enrich- 
ment across the Human Molecular Signatures 
Database (64) (MSigDB v2022.1.Hs) C5 Gene 
Ontology collection (i.e., GO:BP, GO:MF, and 
GO:CC). The classic Kolmorogorov-Smirnov 
scoring scheme was used with 10,000 permu- 
tations and excluded gene sets with <10 or 
>1000 entries when intersected with the list of 
GPS ORFs. 


Generating MIDN KO cells 


To generate isogenic single clones lacking 
midnolin, HEK-293T cells were transfected 
with the lentiCRISPRv2 BFP plasmid encoding 
the given sgRNA of interest using Polyjet. Sev- 
eral days after transfection, the BFP-positive 
cells were collected as single cells into 96-well 
plates using FACS. The single clones were al- 
lowed to expand for 2 weeks before screening 
for a KO phenotype by immunoblotting and 
next-generation sequencing of the genomic 
DNA locus encompassing the cut site (fig. SILA). 

To generate a population-level depletion of 
midnolin in mouse NIH/3T3 fibroblasts, cells 
were transduced with lentivirus encoding the 
given mouse lentiCRISPR v2 sgRNA coexpress- 
ing puromycin. Three days after transduction, 
cells were selected by 2 ug/ml puromycin for 
5 days and expanded for further analysis. 

To generate a population-level depletion of 
midnolin in primary cortical neurons, cells were 
transduced with lentivirus encoding the given 
mouse lentiCRISPRv2 sgRNA coexpressing 
puromycin. 

To generate a population-level depletion of 
midnolin in Ramos B cells, the cells were trans- 
duced by spinfection with lentivirus encoding 
the given lentiCRISPRv2 sgRNA#1 coexpress- 
ing BFP. Specifically, the cells were incubated 
with lentivirus for 30 min with centrifugation 
at 2000 rpm at room temperature. The cells 
were then allowed to expand for 6 days after 
transduction, and the BFP-positive cells were 
collected by FACS. 


Generating 3xHA-MIDN knock-in HEK-293T cells 


To generate an endogenous 3xHA-tagged 
midnolin cell line, we used homology-directed 
repair and CRISPR-Cas9. We reasoned that an 
N-terminal epitope tag would be tolerable, be- 
cause an N-terminal tagged midnolin transgene 
could interact with substrates and promote their 
degradation. To establish the knock-in line, 
the following custom Alt-R sgRNA and single- 
stranded DNA (ssDNA) homology-directed tem- 
plates were generated by synthesis from IDT. 
The sgRNA template was: rCrCrGrGrGrCrUrGr- 
CrGrGrCrUrCrCrArUrCrCrCrGrUrUrUrArAr- 
GrArGrCrUrArUrGrCrUrGrGrArArArCrArGr- 
CrArUrArGrCrArArGrUrUrUrArArArUrArAr- 


GrGrCrUrArGrUrCrCrGrUrUrArUrCrArArCr- 
UrUrGrArArArArArGrUrGrGrCrArCrCrGrAr- 
GrUrCrGrGrUrGrCrUrUrUrUrUrUrv. The ssDNA 
template was: CGGCGCCCGCCGCCCCCAGCCC- 
CCCAGCGCGCGCCGGGGATGTATCCCTATG- 
ACGTGCCTGATTACGCCGGCGGAGGATCCT- 
ACCCCTATGATGTGCCTGACTACGCTGGCA- 
GCGGAGGATACCCTTATGATGTGCCTGATT- 
ATGCTGGAGGTGGAGGTAGTGAGCCGCAG- 
CCCGGCGGCGCCCGGAGCTGCCGGCGCGG. 
spCas9, sgRNA, and ssDNA template were in- 
troduced to cells by nucleofection. Specifically, 
per nucleofection of 100,000 cells in Lonza strip 
nucleofector system (V4XC-2032), 0.8 ul of 
62.1 uM spCas9 (Aldevron, 9212-0.25MG), 0.8 yl 
of 100 uM sgRNA (Alt-R from IDT), 0.25 ul of 10x 
buffer 3.1 (NEB, B6003S), and 0.65 ul of H,O 
were mixed to bring the final volume to 2.5 ul 
per nucleofection and incubated Ribonucleo- 
protein (RNP) at room temperature for 30 min. 


Making a master mix to troubleshoot the ssDNA  ~- 


template concentration is recommended to 
avoid small volumes. Then, 2 ul of the RNP 
was added to 100,000 HEK-293T cells resus- 
pended in 16.4 ul of Nucleofector solution plus 
3.6 ul of supplement. Donor DNA was added 
directly to this solution at a final concentra- 
tion of 500 nM or 2 uM. Cells were nucleofected 
using a 4D Nucleofector X Unit, and a GFP- 
positive control was included to ensure that the 
nucleofection worked properly. Once nucleo- 
fected, the cells were allowed to recover for 
10 min at room temperature before being added 
to six-well plates containing warm medium. 
The cells were allowed to expand for several 
days, and a cell lysate was collected to ensure 
the endogenous editing worked by immuno- 
blotting. Then, single cells were partitioned into 
96-well plates to obtain isogenic clones, which 
were validated by immunoblotting once ex- 
panded to ensure successful HA knock-in. 


Immunoprecipitation 


Cells stably expressing the indicated epitope- 
tagged protein were cultured in 10- or 15-cm 
plates and allowed to reach 90% confluency 
before lysis. Alternatively, cells in 10-cm dishes 
were transiently transfected with 3 ug of the 
indicated plasmid DNA using Polyjet when 50% 
confluent. The medium was changed 1 day after 
transfection, and the cells were lysed 2 days 
after transfection with or without any necessary 
perturbations such as proteasomal inhibition. 
For lysis, cells were rinsed once with ice-cold 
PBS by pouring and collected by scraping in 
0.7 ml (10 cm plate) or 1 ml (15 cm plate) of lysis 
buffer containing 0.5% CHAPS, 40 mM HEPES, 
pH 7.4, 100 mM NaCl, and 4 mM EDTA sup- 
plemented with 1x protease and a phosphatase 
inhibitor cocktail (Thermo Fisher Scientific, 
78441). Cell lysates were incubated with end- 
to-end rotation at 4°C for 30 min before clar- 
ification by centrifugation at 21,000g for 
15 min at 4°C. Anti-FLAG (Sigma, M8823, 
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RRID: AB_2637089) or anti-HA (Thermo Fisher 
Scientific, 88836, RRID: AB_2749815) magnetic 
beads were rinsed three times in lysis buffer 
using 15 ul of beads for every harvested plate. A 
50-ul aliquot of the cell lysate was collected as 
input, and the remaining supernatant was in- 
cubated with the beads for 2 hours at 4°C with 
end-to-end rotation. The immunoprecipitants 
were washed three times with the same lysis 
buffer, and the cell lysates and immunopreci- 
pitants were resuspended in Tris-glycine SDS 
sample buffer (Thermo Fisher Scientific, LC2676) 
containing 10% 2-mercaptoethanol. Protein was 
eluted by heating at 95°C for 4 min before anal- 
ysis of protein content by immunoblotting. 


Immunoblotting 


For immunoprecipitation experiments, the col- 
lected samples were loaded directly for immuno- 
blotting. For measuring steady-state abundance 
changes, cultured cells were lysed using 1x RIPA 
buffer (Boston BioProducts, BP-115X) supple- 
mented with 1x protease and a phosphatase in- 
hibitor cocktail (Thermo Fisher Scientific, 78441) 
for 15 min at 4°C. Samples were centrifuged at 
21,000g for 15 min at 4°C, and the protein con- 
centration was normalized using a bicinchoninic 
acid assay (Thermo Fisher Scientific, 23225). 
Clarified supernatants were resuspended in Tris- 
glycine SDS sample buffer (Thermo Fisher Scien- 
tific, LC2676) containing 10% 2-mercaptoethanol. 
Samples were loaded into 4 to 12% Tris-glycine 
15-well precast gels (Thermo Fisher Scientific, 
XP04125BOX), and electrophoresis was run in 
1x Tris-glycine SDS running buffer (Thermo 
Fisher Scientific, LC2675-4) at a constant 165 
to 180 volts until the molecular weight ladder 
(Thermo Fisher Scientific, 26619) ran to the bot- 
tom. The protein within the gel was transferred 
to a 0.2-um nitrocellulose membrane (Bio-Rad, 
170-4158) using the Trans-Blot Turbo Transfer 
System (Bio-Rad). Nitrocellulose membranes 
were then blocked using 5% milk (LabScien- 
tific, M-0842) diluted in 1x Tris-buffered saline 
plus Tween 20 (TBST) (CST, 9997S) for at least 
30 min at room temperature with gentle rocking. 
Primary antibodies were then diluted directly 
in the blocking solution at a 1:1000 dilution 
and incubated overnight at 4°C with gentle 
rocking. The following primary antibodies were 
used: rabbit anti-EGR1 (CST, 4153, RRID: AB_ 
2097038), rabbit anti-FosB (CST, 2251, RRID: 
AB_2106903), rabbit anti-c-Fos (in house) (65), 
rabbit anti-NR4A1 (in house, warning has high 
background), rabbit anti-Midnolin (Proteintech, 
18939-1-AP, RRID: AB_2878569), rabbit anti- 
PSMD2 (CST, 25430, RRID: AB_2798903), rab- 
bit anti-PSMA2 (CST, 2455, RRID: AB_2171400), 
rabbit anti-HA (CST, 3724, RRID: AB_1549585), 
rabbit anti-FLAG (CST, 14793, RRID: AB_2572291), 
rabbit antizmTOR (CST, 2983, RRID: AB_2105622), 
rabbit anti-Actin (CST, 4970, RRID: AB_2223172), 
rabbit antiGAPDH (CST, 5174, RRID: AB_10622025), 
rabbit antitCBX4: (CST, 30559, RRID: AB_2798991), 
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rabbit antitCBX8 (CST, 144696, RRID: AB_2687589), 
rabbit anti-ATF2 (CST, 35031, RRID: AB_2799069), 
rabbit anti-ATF3 (CST, 33593, RRID: AB_2799039), 
rabbit anti-IRF1 (CST, 8478, RRID: AB_10949108), 
rabbit anti-RelB (CST, 4922, RRID: AB_2179173), 
rabbit anti-STAT3 (CST, 9139, RRID: AB_ 331757), 
rabbit anti-SPINDOC (Sigma, HPA040128, RRID: 
AB_10673027), rabbit anti-XRCC1 (CST, 2735, 
RRID: AB_2218471), rabbit anti-CITED1 (Pro- 
teintech, 26999-1-AP, RRID: AB_2880718), rabbit 
anti-SOX12 (Proteintech, 23939-1-AP, RRID: AB_ 
2879368), rabbit anti-FOXP3 (CST, 5298, RRID: 
AB_10839127), rabbit anti-c-Myc (CST, 5605, 
RRID: AB_1903938), rabbit anti-p27 (CST, 3686, 
RRID: AB_2077850), rabbit anti-Ubiquitin (CST, 
43124, RRID: AB_2799235), and rabbit anti-IRF4: 
(CST, 4299, RRID: AB_10547141). 

After overnight incubation, the blots were 
rinsed four times quickly and three additional 
times for longer, 10-min incubations using 1x 
TBST. After rinsing, the blots were incubated 
with 5% milk in 1x TBST and the following 
secondary antibodies were applied directly at 
a 1:2000 dilution: anti-rabbit IgG, HRP-linked 
(CST, 7074, RRID: AB_2099233) or anti-mouse 
IgG, HRP-linked (CST, 7076, RRID: AB_330924). 
The blots were incubated in secondary anti- 
body for 1 hour at room temperature with gentle 
rocking before rinsing as done for the primary 
antibody. The blots were exposed to either Pierce 
ECL Western blotting substrate (Thermo Fisher 
Scientific, 32106) for strong antibodies or highly 
abundant protein, or Immobilon western chemi- 
luminescent HRP substrate (Sigma, WBKLSO500) 
for weaker antibodies or less abundant proteins. 
All immunoblotting data were collected using 
high-sensitivity autoradiography film (Denville 
Scientific, E3218). 

We note that the midnolin antibody (Pro- 
teintech, 18939-1-AP) has limitations that are 
important for readers to consider. The protein 
levels of endogenous midnolin appear quite 
low in most cell types, and this antibody con- 
tains too much background (nonspecific bands) 
to robustly detect endogenous midnolin protein 
from cell lysates at steady state. However, en- 
dogenous midnolin protein can be detected 
with this antibody if the cells are pretreated 
for a few hours with 10 uM MG132 or if the 
cells are overexpressing midnolin (fig. S11B). 


Mass spectrometry of endogenous 
midnolin immunoprecipitants 


HEK-293T cells expressing endogenous 3xHA- 
tagged midnolin were cultured to 90% con- 
fluency in five 15-cm plates per condition, and 
unedited wild-type HEK-293T cells were cul- 
tured in five 15-cm plates. The knock-in cells 
were treated was DMSO or 10 pnM MG132 for 
6 hours, with the unedited wild-type HEK-293T 
serving as the background, and treated with 
10 uM MG132 for 6 hours. An anti-HA im- 
munoprecipitation was performed using the 
same lysis conditions and protocol as described 


in the immunoprecipitation section. After the 
final wash, the beads were resuspended in 100 pl 
of 50 mM Tris, pH 8.5, containing 5% SDS, and 
the samples were heated at 95°C for 5 min to 
elute the proteins. 

Eluted proteins were then digested using 
trypsin on S-Trap Micro columns (Protifi, CO02- 
micro-10) following the manufacturer’s pro- 
tocol. Specifically, proteins were first reduced 
using 5 mM Tris(2-carboxyethyl)phosphine for 
15 min at 55°C, and then alkylated with 20 mM 
iodoacetamide for 30 min in the dark at room 
temperature. After alkylation, the samples were 
acidified using phosphoric acid to a final con- 
centration of 2.5% (v/v) and 10 volumes of 100 mM 
Tris, pH 7.55 in 90% methanol/10% water were 
added to the samples to dilute the protein. This 
solution was then passed through S-Trap col- 
umn by centrifuging for 30 s at 4000g. Multiple 
rounds of centrifugation were needed to load 
the entirety of one sample onto one column. 
Once the protein was trapped, the column was 
rinsed three times using 100 mM Tris, pH 7.55, 
in 90% methanol and 10% water, followed by a 
dry spin, before adding 2 ug of trypsin sus- 
pended in 20 ul of 50 mM ammonium bicar- 
bonate, pH 8. Columns were kept overnight at 
37°C in a humid environment. After digestion, 
the peptides on the column were eluted by cen- 
trifuging three times for 1 min at 4000g using 
three buffers applied sequentially: (i) 40 ul of 
ammonium bicarbonate, pH 8; (ii) 40 ul of 0.2% 
formic acid in water; and (iii) 40 ul of 50% 
acetonitrile in water. The pooled peptides were 
dried under reduced pressure using a SpeedVac 
and resuspended in 30 ul of 0.1% formic acid in 
water. Liquid chromatography-tandem mass 
spectrometry data were acquired as reported 
previously (66) by injecting 10 ul of resuspended 
peptide sample. 

A protein database consisting of the Human 
UniProt SwissProt proteome (downloaded on 
13 November 2022) was used to identify pro- 
teins that coimmunoprecipitated with endoge- 
nous 3xHA-midnolin. Specifically, the FragPipe 
graphical user interface (v18.0) was used to 
search the data using the MSFragger search 
engine and to perform postprocessing of the 
search results. The following parameters were 
used in the search. Tryptic peptides with a max- 
imum of two missed cleavages were considered. 
Additionally, carbamidomethylation of cysteine 
was set as a fixed modification, and oxidation 
of methionine was allowed as a variable mod- 
ification, with a maximum of four variable 
modifications per peptide. The allowed mass 
tolerances were 10 ppm for precursor ions 
and 0.04 Da for product ions. Peptide hits were 
filtered to a false discovery rate of 1% using 
PeptideProphet as implemented in FragPipe. 


Immunofluorescence 


For experiments in fig. S5, A and B, 400,000 
HEK-293T cells with indicated genetic background 
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were plated on poly-D-lysine-coated coverslips 
(Ted Pella, Inc.). On the following day, indi- 
cated treatments with DMSO, MG132, or PMA 
were performed for 6 hours before collection. 
Culture medium was aspirated and cells were 
washed with PBS once before fixation by 4% 
paraformaldehyde in PBS for 15 min at room 
temperature. After three PBS washes, cells were 
permeabilized with 0.05% Triton X-100 in PBS 
for 5 min at room temperature. Cells were 
washed with PBS three times and placed in 
immunofluorescence blocking buffer (LI-COR, 
927-70001) for 45 min at room temperature. 
Primary antibodies mouse anti-FLAG (Sigma, 
F1804, RRID: AB_262044) and rabbit anti- 
HA (CST, 3724, RRID: AB_1549585) were di- 
luted 1:400 in the blocking buffer and added 
on top of coverslips with cells for an overnight 
incubation at 4°C. After being rinsed three times 
with PBS, the cells were incubated in the dark 
at room temperature with secondary antibodies 
(1:500 dilution) and 8 uM Hoechst 33342 dye 
(Thermo Fisher Scientific, H3570), both diluted 
in blocking buffer, for 1 hour. Coverslips were 
rinsed thoroughly using PBS and mounted on 
glass slides using ProLong gold antifade moun- 
tant (Thermo Fisher Scientific, P10144). 

An Alexa Fluor 488-conjugated secondary 
antibody was used for the FLAG (Thermo Fisher 
Scientific, A-11001, RRID: AB_2534069) and 
HA (Thermo Fisher Scientific, A-11008, RRID: 
AB_143165) staining in fig. S5, A and B, and 
the excitation wavelength was 488 nm. The ex- 
citation wavelength of the Hoechst nucleus- 
staining dye was 405 nm. 

Image acquisition was done by a Zeiss 
AxioVert200M microscope with a 100~ oil- 
immersion objective, a Yokogawa CSU-22 
spinning-disk confocal head with a Borealis 
modification (Spectral Applied Research/Andor), 
and a Hamamatsu ORCA-ER CCD camera. Im- 
age acquisition and hardware were controlled 
by the MetaMorph software package (Molecular 
Devices). The excitation lasers used to capture 
the images were 405 and 488 nm. 


RNA extraction and quantitative PCR 


Total RNA was extracted from cells with the 
RNeasy Plus Mini Kit (Qiagen, 74134), and 
cDNA was generated from freshly extracted 
RNA using the iScript cDNA Synthesis Kit (Bio- 
Rad, 1708891) following the manufacturer in- 
structions for both kits. Specifically, 250 ng of 
RNA was used for a 20 ul reaction to generate 
the cDNA. Platinum SYBR Green quantitative 
PCR (qPCR) Supermix-UDG (Thermo Fisher 
Scientific, 11733038) and 2 ul of cDNA was used 
for qPCR reactions. Specifically, master mixes 
were prepared to contain 10 ul of SYBR, 7.5 ul of 
water, and 0.5 ul of 40x primers per 20 ul of 
qPCR reaction. Quantstudio 6 Pro (Thermo 
Fisher Scientific) was used to run the qPCR re- 
actions. The following intercalating premixed 
qPCR primers were obtained from IDT. Mouse 
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MIDN (Mm.PT.58.10544931): GCGTCAACTT- 
GCTCCCAT, AACGCCTCAAAGTACCCAAG; mouse 
EGR1 (Mm.PT.58.29064929): GATAACTCGTCT- 
CCACCATCG, AGCGCCTTCAATCCTCAAG; mouse 
c-Fos (Mm.PT.58.29977214): GGCACTAGAGAC- 
GGACAGAT, ACAGCCTTTCCTACTACCATTC; 
mouse FosB (Mm.PT-.58.10990878): AGAGACA- 
CTTACOCCAGAAGA, GCTCTGCCTTTTCCTCTTCA; 
mouse Actin (Mm.PT.39a.22214843.¢): GACT- 
CATCGTACTCCTGCTTG, GATTACTGCTCTGG- 
CTICCTAG; mouse mTOR (Mm.PT.58.28403918): 
TGCATCACTCGTTCATCCTG, AAGTCATCACA- 
TCCAAGCAGA. 

Changes in mRNA levels were determined 
by subtracting the cycle quantification (Cq) 
values generated during the qPCR between the 
gene of interest and the control to yield a ACq 
value. Data were then normalized to the indi- 
cated control condition by substracting the ACq 
values by the average ACq of the indicated 
control condition to generate the AACgq. Plotted 
in graphs are 2~“4“4 from three biological 
replicates and the following statistical tests 
were used. 

For Fig. 2, E and F, data were analyzed 
using an ordinary one-way ANOVA followed 
by a Tukey’s multiple-comparisons test where 
****P < 0.0001. For fig. SID, data were ana- 
lyzed using a two-way ANOVA followed by 
Sidak’s multiple comparisons test, where ns 
is not significant and ***P < 0.001. 


Computational identification of substrate 8 strands 
AlphaFold multimer predictions 


To identify B strands within hits identified in 
the ORFeome GPS screen, genes with APSI < 
-0.5 were taken (n = 508) and the longest 
sequence across corresponding protein acces- 
sion IDs (either NCBI Reference Sequence or 
Ensembl ID) was used as the input sequence 
for downstream steps (because barcodes from 
the screen were grouped at the gene level but 
could represent multiple isoforms). These se- 
quences were individually paired with the 
MIDN sequence (UniProtKB: Q504T8) as a two- 
sequence FASTA file input into AlphaFold 
(v2.2.0) for multimer prediction with default 
reference databases specified as in (26) and 
max_template_date=2022-01-01. Any seleno- 
cysteines were recoded as cysteines, and three 
substrates (ACSBG2, ACSS2, and RIMBP3) that 
failed MSA using the default settings were re- 
run successfully by replacing the UniClust30_ 
2018_08 database with UniRef30_2022 02. 


Identification of substrate B strands within 
midnolin B sheet 


The 25 ranked PDB models from each AlphaFold 
run with MIDN and one of the substrates were 
then processed by a custom Python script to 
identify PDB models that folded a linear stretch 
of the substrate into B-strand conformation 
placed between f strands of the corresponding 
MIDN domain. In more detail, a pairwise dis- 


tance matrix was first computed between each 
a-carbon atom in MIDN and each a-carbon 
atom in the substrate as 


2 


Dis = Vai ay)” + (Yi — 4)” + (@ — &) 
where 4, y;, and 2; are the coordinates of the 
i” substrate a-carbon atom and aj, y;, and 2; 
are the coordinates of the 7 MIDN a-carbon 
atom. Because most f sheets have interstrand 
distances <5 A (67), the distance matrix was 
scanned to identify sequential substrate residues 
<5.5 A from corresponding linear stretches 
within each adjacent MIDN 8 strand (ie. Dj; < 
5.5 for both some sequential set of i with some 
sequential set of j, where 148 < j <157, as well 
as the same set of i with another sequential set 
of j, where 279 <j < 286). 

Secondary structure assignment for the PDB 
model was done with the DSSP algorithm (68). 
Substrate residues satisfying the distance re- 
quirements specified above were then retained 
if they were assigned the extended f strand 
secondary structure (i.e., “E” coding). Because 
DSSP relies on flanking residues to call sec- 
ondary structure, the most N- and C-terminal 
residues are not assigned secondary structure. 
To avoid excluding them from #-strand assign- 
ments, they were assigned “E” coding if the ad- 
jacent residue had been assigned “E” coding. To 
catch residues that are part of a B strand but 
slightly further from one or both of the MIDN B 
strands, this set of residues was then expanded 
by seven residues in each direction, and, 
again, only those with an extended f-strand 
secondary structure were kept. Finally, the 
longest contiguous stretch of B-strand second- 
ary structure was kept (if any) for final report- 
ing (data S4). 


Properties of identified substrate 8 strands 
Relative disorder comparison 


ORFs used in AlphaFold multimer folding along- 
side midnolin were matched with UniProtKB 
accessions using UniParc to find identical pro- 
teins that had already been folded as monomers 
in the AlphaFold Protein Structure Database 
(https://alphafold.ebi.ac.uk/). This yielded exist- 
ing models for 126 of 205 substrates predicted 
to interact with the midnolin Catch domain, for 
which the predicted local distance difference 
test (pLDDT) scores were extracted from cor- 
responding PDB files. The pLDDT scores for 
these residues interacting with the midnolin 
Catch domain were averaged and compared 
with the average of the rest of the substrate 
(paired ¢ test, P = 2.72 x 10°) as an approx- 
imation of disorder in the original substrate 
(69), where lower pLDDT scores correspond to 
increased disorder. The regions that are pre- 
dicted to interact with the Catch domain are 
predicted to be unstructured by AlphaFold in 
the native, midnolin-free state. 
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Amino acid enrichment 

For each residue, n, going into the B strand from 
either the N- or C-terminal side, the overall fre- 
quency of each amino acid for f strands of 
length =2n (to avoid double counting) was nor- 
malized by the background amino acid fre- 
quency across substrate sequences. Frequencies 
were then computed for amino acids before 
and after all B strands provided the f strand 
was not the N or C terminus of the protein, 
respectively. 


Hydrophobicity 


The relative hydrophobicity of residues com- 
prising the MIDN-interacting 8 strand was 
assessed by a two-sided paired ¢ test between 
the mean hydrophobicity index (70, 77) (at pH 7) 
of residues in the 8 strand with that of res- 
idues comprising the rest of the substrate. 


Identification of MIDN-facing B-strand side chains 


Because f strands within a B sheet make con- 
tacts with each other through backbone inter- 
actions, where side chains alternatingly project 
above and below the plane of the f sheet, res- 
idues composing the MIDN-interacting B strand 
can be parsed into those facing toward or away 
from the MIDN Catch domain. Side chains of 
the substrate 8 strand facing the MIDN Catch 
domain were identified by first generating an- 
other distance matrix as before, but between 
each a-carbon atom in MIDN and each B-carbon 
atom in the substrate. For each residue in the 
identified substrate B strand, those with B-carbon 
distance to MIDN Catch domain (approximated 
by a-carbon position for MIDN isoleucine res- 
idue 309) less than their a-carbon distance were 
annotated as MIDN-facing. Because glycine lacks 
a B-carbon and residues at the ends of 8 strands 
may have more rotational variability, but side 
chain orientations along the f strand should 
alternate between facing toward or away from 
the MIDN Catch domain, a filter was then ap- 
plied to determine whether the identified MIDN- 
facing side chains better matched either the 
set of odd or set of even residues. MIDN-facing 
side chains were then annotated as that set. 
Properties such as relative frequency and hy- 
drophobicity were then computed for inward- 
and outward-facing side chains. 
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The gut microbiota reprograms intestinal lipid 
metabolism through long noncoding RNA Snhg9 
Yuhao Wang"?3+*, Meng Wang?, Jiaxin Chen®, Yun Li*, Zheng Kuang“+, Chaitanya Dende’, 


Prithvi Raj*, Gabriella Quinn’, Zehan Hu*+, Tarun Srinivasan‘, Brian Hassell’, Kelly A. Ruhn*, 
Cassie L. Behrendt’, Tingbo Liang”, Xiaobing Dou, Zhangfa Song®, Lora V. Hooper*”* 


The intestinal microbiota regulates mammalian lipid absorption, metabolism, and storage. We report that 
the microbiota reprograms intestinal lipid metabolism in mice by repressing the expression of long 
noncoding RNA (IncRNA) Snhg9 (small nucleolar RNA host gene 9) in small intestinal epithelial cells. 
Snhg9 suppressed the activity of peroxisome proliferator—activated receptor y (PPARy)—a central 
regulator of lipid metabolism—by dissociating the PPARy inhibitor sirtuin 1 from cell cycle and apoptosis 
protein 2 (CCAR2). Forced expression of Snhg9 in the intestinal epithelium of conventional mice 
impaired lipid absorption, reduced body fat, and protected against diet-induced obesity. The microbiota 
repressed Snhg9 expression through an immune relay encompassing myeloid cells and group 3 innate 
lymphoid cells. Our findings thus identify an unanticipated role for a IncRNA in microbial control of 


host metabolism. 


he intestinal microbiota has an impor- 
tant impact on mammalian metabolism. 
In mice, resident intestinal bacteria en- 
hance digestion of dietary polysacchar- 
ides (1), promote dietary lipid absorption 
by intestinal epithelial cells (2-5), and alter the 
function of adipose tissue (6-9). Consistent 
with the findings in mice, alterations in the 
composition of the human intestinal micro- 
biota are associated with metabolic disorders, 
including obesity, type 2 diabetes, and cardio- 
vascular disease (10-12). Given the rapidly in- 
creasing worldwide prevalence of metabolic 
disease (13), there is a pressing need to under- 
stand the mechanisms by which the intestinal 
microbiota affects host metabolism. 
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Long noncoding RNAs (IncRNAs) are RNA 
transcripts that are not translated but are 
nevertheless biologically functional. IncRNAs 
regulate biological processes, such as cell pro- 
liferation, cell death, tumorigenesis, and im- 
munity (14-17), but little is known about their 
involvement in the regulation of host metab- 
olism by the gut microbiota. We therefore 
investigated whether the presence of the gut 
microbiota affects the transcription of ncRNAs 
in small intestinal epithelial cells, which are cen- 
tral to microbial modulation of lipid absorp- 
tion and metabolism (2-5). 


Expression of IncRNA Snhg9 is repressed by 
the microbiota 


Whole-transcriptome sequencing [RNA sequenc- 
ing (RNA-seq)] of small intestinal epithelial 
cells from conventionally raised (conven- 
tional) and germ-free mice identified 60 dif- 
ferentially expressed non-protein-coding genes, 
including 42 genes that encode IncRNAs (Fig. 
1A and fig. S1, A and B). In particular, the 
IncRNA encoded by Snhg9 (small nucleolar 
RNA host gene 9) showed reduced abundance 
in epithelial cells from conventional as com- 
pared with germ-free mice (Fig. 1B). Although 
IncRNAs are generally defined as >200 nucleo- 
tides (78) and mouse Snhg9 RNA is only 183 
nucleotides long, homan SNHG9 RNA is 233 
nucleotides long, and thus both the mouse and 
human RNAs are designated as IncRNAs (19). 

Snhg9 transcripts were detected in small in- 
testinal epithelial cells of antibiotic-treated 
mice by in situ hybridization (fig. S2A). Analy- 
sis of published single-cell RNA-seq data from 
mouse intestinal epithelial cells indicated that 
Snhg9 transcripts were mostly from stem cells, 
enterocytes, and enteroendocrine cells (a spe- 
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cialized epithelial cell lineage) (20) (fig. ; chee 
Using quantitative polymerase chain re 
(qPCR), we confirmed that epithelial cells from 
conventional mice express less Snhg9 RNA 
when compared with epithelial cells from both 
germ-free and antibiotic-treated mice (Fig. 1C). 
Thus, Snhg9 expression in small intestinal epi- 
thelial cells is reduced in the presence of the 
microbiota. 


IncRNA Snhg9 binds to CCAR2 


We next sought to illuminate the biological 
functions of Snhg9. Because other IncRNAs 
bind to and regulate the activity of proteins 
(21-23), we screened for Snhg9-protein inter- 
actions in small intestinal epithelial cells. We 
performed an RNA-protein pull-down assay in 
epithelial cell lysates using in vitro transcribed 
Snhg9 or antisense Snhg9. Mass spectrometry 
identified the most abundant interacting pro- 
tein as cell cycle and apoptosis protein 2 
(CCAR2; also known as deleted in breast can- 
cer 1, or DBC1) (24) (Fig. 2, A and B). This find- 
ing was supported by immunoblot detection 
of CCAR2 among the proteins precipitated by 
Snhg9 (Fig. 2C). 

To test whether Snhg9 binds directly to 
CCAR2, we performed pull-down assays with 
in vitro transcribed Snhg9 and recombinant 
CCAR2. Consistent with our findings in epi- 
thelial cell lysates, recombinant CCAR2 was 
precipitated by Snhg9 RNA but not by anti- 
sense Snhg9 RNA or polyA RNA (Fig. 2D), 
which indicates that CCAR2 binds directly to 
Snhg9 RNA. Additionally, mutations in Snhg9 
affected binding to CCAR2. Deletion of 28 nu- 
cleotides in the middle of the Snhg9 sequence 
did not affect Snhg9 RNA binding to CCAR2. 
However, binding was reduced by 24-nucleotide 
deletions in the 3’ and 5’ regions, which target 
a predicted loop in the Snhg9 secondary struc- 
ture (Fig. 2E and fig. $3, A and B). These data 
support a direct binding interaction and indi- 
cate that Snhg9 is a protein-binding IncRNA 
that binds directly to CCAR2. 


IncRNA Snhg9 dissociates CCAR2 from 
the PPARy inhibitor SIRT], repressing 
PPARy activity 


We next investigated the cellular and physio- 
logical consequences of IncRNA Snhg9 binding 
to CCAR2. CCAR2 is an endogenous inhibitor of 
the deacetylase sirtuin 1 (SIRT1) (25, 26). Among 
its several functions, SIRT1 regulates lipid me- 
tabolism by interacting with the transcription 
factor peroxisome proliferator-activated receptor 
gamma (PPARy), which directs the transcription 
of lipid metabolic genes (27-29). SIRT1 represses 
PPAR, activity through two mechanisms—by 
deacetylating PPARy or by docking with nuclear 
receptor corepressor 1 (NcoR1), a PPARy cofactor. 
Both mechanisms decrease Pparg expres- 
sion and reduce lipid metabolism (30, 37). We 
reasoned that by binding to CCAR2, Snhg9 
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Fig. 1. Expression of IncRNA Snhg9 is repressed by the microbiota. (A) Whole- 
transcriptome sequencing of small intestinal epithelial cells recovered by 

laser capture microdissection from conventional and germ-free mice. Genes 
differentially expressed between conventional and germ-free mice are summar- 
ized and grouped on the basis of transcript type. (B) Volcano plot visualizing 
the changes in IncRNA gene expression between conventional (CV) and germ- 


Log,,(fold change) 


free mice. Snhg9 is highlighted in red. (©) qPCR analysis of Snhg9 expression in 
small intestinal epithelial cells recovered by laser capture microdissection from 
conventional (CV), germ-free (GF), and antibiotic-treated (Abx) mice. Results 
are representative of at least two independent experiments. Means + SEMs 

are plotted; each data point represents one mouse. *P < 0.05; **P < 0.01; 
two-tailed Student's t test. 


A Cc Pull-down assay D Pulldown assay E Pull-down assay 
a as S) 
( ) CPRNAbiotin & Ca e & 5s Ss ow 
~ S S Cy Sy YP LY _Y 
Streptavidin 9 Wo 9 C2 er & & & & & 
beads | NSCOR SNS) PO ye WEE WG WF WO GD nD 
Bg oe aS Vo a x Vos Q? VS x) Ss Ss Ss Ss 
@ —_ Eluate —_ Eluate 2: _ Eluate 
NO — me mes Input —_— Input ee ae oem cm ee cm cos Inui 
Jrec lysate Es = = = 
input: IEC lysate input: recombinant CCAR2 input: IEC lysate 
immunoblot: anti-CCAR2 immunoblot: anti-CCAR2 immunoblot: anti-CCAR2 
Mass spectrometry a8 B82 10-5 sek 
= = _ = aK _ *k 
B i= wRK aa = Lk = 8 RK | ns 
CCAR2 96 8 64 2 
PNPLA6 x g | 
MBNL1 cy 3 o 64 
SNRNP40 an 4 w 44 N 
RIOX2 4 & e 44 
ASCC3 S S 3) 
PDS5A 62 6 24 o 
ERGIC1 z 3 £2 
ANKZF1 5 5 7 fal 
POLR2A 20 Sole. © 9] ta fea 
g Fr 2 & Tr Ff 2 © HF GS G 
0 10 20 30 40 50 N\s eo IRS) S WO SY £9 VW € ow ow ad 
(Snhg9:Antisense-Snhg9) eS ee” aS ee? g LOS ov ee eo » 
Relative abundance v4 y wa oe x Sf eo 
Ss 


Fig. 2. IncRNA Snhg9 binds to CCAR2. (A) Schematic of RNA-protein pull- 
down assays in small intestinal epithelial cell (IEC) lysates in combination with 
mass spectrometry analysis. (Created using BioRender.) (B) Ten most abundant 
Snhg9-binding proteins identified by mass spectrometry. CCAR2 is highlighted 
in red. (€) (Top) Representative immunoblot of CCAR2 in proteins pulled down 
from small intestinal IEC lysates by polyA RNA (negative control), Snhg9, or 
antisense Snhg9. (Bottom) Band intensities were quantified by densitometry and 
normalized to input. N = 3 experimental replicates per group. (D) (Top) 
Representative immunoblot of recombinant CCAR2 pulled down by polyA RNA, 
Snhg9, or antisense Snhg9. (Bottom) Intensities were quantified by densitometry 


might inhibit its interaction with SIRT1, thereby 
rescuing SIRT1 deacetylase and NcoR1 binding 
activities from CCAR2 inhibition. In fact, over- 
expression of Snhg9 in HEK-293T cells largely 


and B) and increased b 
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abolished CCAR2 binding to SIRT1 (Fig. 3, A 


activity (Fig. 3C) and binding to NcoR1 (Fig. 3, 
D and E). These data indicate that Snhg9 pro- 


and normalized to input. N = 3 experimental replicates per group. (E) (Top) 
Representative immunoblot of CCAR2 in proteins pulled down from small 
intestinal IEC lysates by polyA RNA, antisense Snhg9, Snhg9, Snhg9 with 

28 nucleotides deleted from the middle of the sequence (Snhg9-Amid), Snhg9 with 
3'-deletion of 24 nucleotides (Snhg9-A3'), Snhg9 with 5'-deletion of 24 nucleotides 
(Snhg9-A5'), or Snhg9 with both 3'- and 5'-deletion of 24 nucleotides (Snhg9- 
A3'A5'). (Bottom) Band intensities were quantified by densitometry and normalized 
to input. N = 3 experimental replicates per group. All experiments are representative 
of at least two independent experiments. Means + SEMs are plotted. **P < 0.01; 
***P < 0.001; ns, not significant; two-tailed Student's t test. 


motes SIRT] activity by sequestering the inhib- 
itory protein CCAR2. 

Because Snhg9 rescued SIRT1 activity from 
CCAR2 inhibition, we predicted that Snhg9 


oth SIRT1 deacetylase 
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Fig. 3. IncRNA Snhg9 
dissociates CCAR2 from 
the PPARy inhibitor SIRT1, 
repressing PPARy activity. 
(A) Coimmunoprecipitation 
(co-IP) of CCAR2 and SIRT1 
with anti-SIRT1 antibody 

or immunoglobulin G (IgG) 
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isotype control. HEK- 

293T cells were transfected 
with empty vector or Snhg9- 
encoding vector. Proteins 
were detected by immuno- 
blot. (B) Band intensities in 
(A) were quantified by 
densitometry and normal- 
ized to input. N = 3 experi- 
mental replicates per 
group. (C) Relative SIRT1 
deacetylase activity in 
HEK-293T cells transfected 
with empty vector or Snhg9- 
encoding vector. N = 5 
experimental replicates 

per group. (D) Coimmuno- 
precipitation of NcoR1 

and SIRT1 with anti-SIRT1 
antibody or IgG isotype 
control. HEK-293T cells were 
transfected with empty 
vector or Snhg9-encoding 
vector. Proteins were 
detected by immunoblot. 
(E) Band intensities in (D) 
were quantified by densi- 
tometry and normalized 


ee @@ op SIRT! 


We 


Relative Pparg expression 


yndu| 


4 
o 


SIRT1 deacetylase activity 


ig 
f=) 


eee eee oe SIRT! 


CCAR2 binding (relative to input) © 


R 
© 
> 


SS 
& oO 
C Cs 
NENA) 


G 


3T3-L1 cells 


= 
oa 
J 


3T3-L1 cells 


fic 
fos) 
i 


S 
2 


Vector 


Snhg9 Snhg9+ 
Ccar2 


° 
P 


$ re) 

xO Ss 
we EY 

se so 


So 
Wr WL 
2 


re) 
yO 
LA 


3T3-L1 cells: 
adipocyte differentiation assay 


250) Vector 


—e- Vector-Snhg9 


nN 
i=) 
oO 


Induction * 


20- 


PPARy 


B-actin 


150 


100 


3T3-Licells | 


dl-0D 


ynduy 


NCOR1 binding (relative to input) ™* 


HEK-293T cells 


N 
fo) 
j 


= 
a 
L 


= 
Oo 
L 


ed 
a 
1 


So 
ro) 
1 


3T3-L1 cells 


ee 


** 


— =a -— —- 


PPARy 


seek T | 


B-actin 


Non- 
targeting 
sgRNA 


3T3-L1 cells: 


adipocyte differentiation assay 


Induction 


Snhg9” 


Snhg9* 
+Snhg9 


Non-targeting 
sgRNA 


to input. N = 3 experimental 
replicates per group. 

(F) qPCR analysis of Poarg 
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with stable expression of 
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would repress PPARy expression and activity. 
We therefore evaluated the impact of Snhg9 
on Pparg expression and lipid metabolism in 
cells. PPARy controls differentiation of the 
mouse fibroblast cell line 3T3-L1 into adipo- 
cytes after chemical induction (30). We gen- 
erated 3T3-L1 cells that stably express Snhg9 
(fig. S4A) and confirmed binding of Snhg9 
to CCAR2 by RNA immunoprecipitation (RIP) 
assay (fig. S4B). Stable expression of Snhg9 in- 
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4 6 8 10 12 14 16 18 
days after plating 


e transduced with empty vector as a control. N = 4 experimental replicates 
per group. (G) Immunoblot detection of PPARy and f-actin (control) in 3T3-L1 
s from (F). (H) qPCR analysis of Pparg expression in Snhg9’~ 3T3-L1 

s that were untreated or rescued by Snhg9 expression and in cells edited with 
nontargeting sgRNA. N = 4 experimental replicates per group. (I) Immunoblot 
detection of PPARy and B-actin (control) in 3T3-L1 cells from (H). (J) Snhg9 was 
stably expressed in 3T3-L1 cells, and their differentiation to adipocytes was 
assessed by measuring glycerol as a readout of triglyceride accumulation. 

Cells were transduced with empty vector as a control. N = 


Glycerol(nmol/well) 
a 
oO 


5 experimental replicates 


hibited expression of Pparg and its protein 
product PPARy, whereas coexpression of Ccar2 
rescued expression of both Pparg and PPARy 
(Fig. 3, F and G). Accordingly, there was reduced 
transcription of PPARy-controlled genes, includ- 
ing Cd36 (encoding a fatty acid transporter), 
Fabp4 (encoding a fatty acid binding protein), 
and Lpl (encoding lipoprotein lipase) (fig. 
S4, C to E). Similarly, stable expression of Snhg9 
in mouse small intestinal organoids reduced 
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Snhg9* 


0 
4 6 8 10 12 14 16 18 


days after plating 


per group. (K) Lipids were detected by Oil Red O staining of differentiated cells 
from (J). Scale bars, 30 um. (L) Snhg9“ 3T3-L1 cells and cells edited with 
nontargeting sgRNA were assessed for differentiation to adipocytes as in (J). N=5 © 
experimental replicates per group. Note that the multiple cell passages required 

by the CRISPR mutant selection process result in suppression of Poarg expression in 
the cells edited with nontargeting sgRNA (32). (M) Lipids were detected by Oil Red 
O staining of differentiated cells from (L). Scale bars, 30 um. All experiments are 
representative of at least two independent experiments. Means + SEMs are plotted. 
*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; two-tailed Student's t test. 


expression of Poarg and PPARy-controlled genes 
(fig. S4, F to J). These effects were not the re- 
sult of expression of the putative Snhg9 open 
reading frame (ORF) (fig. S5A) because expres- 
sion of the ORF alone failed to reduce expres- 
sion of Pparg and its target genes, and Snhg9 
with mutated start and stop codons retained 
the ability to reduce Pparg expression (fig. S5B). 
Together, these results indicate that Snhg9 re- 
presses PPARy expression by binding to CCAR2. 
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Fig. 4. Villin-Snhg9 transgenic mice 


have reduced lipid absorption 2.07 
and are protected from high-fat 
diet-induced metabolic disorders. 1.54 


(A) Relative SIRT1 deacetylation activity 
in IECs from conventional wild-type, 
germ-free wild-type, and conventional 
Villin-Snhg9 transgenic (Tg) mice. 

(B) RNA-seq of intestines of wild-type 
and Villin-Snhg9 Tg littermates. 

KEGG pathway analysis identifies 
pathways affected by Snhg9 overex- 
pression. ABC, ATP-binding cassette. 
(C) Heatmap visualizing expression 
levels of selected lipid metabolic genes 
with altered expression in the small 
intestines of wild-type (WT) and 
Villin-Snhg9 Tg littermates. (D) LipidTox 
detection of fatty acids in the small 
intestines (sm. int.) of wild-type and 
Villin-Snhg9 Tg littermates fed a high-fat 
diet. Scale bars, 100 um. (E) Relative 
total lipid concentrations in isolated IECs 
from wild-type and Villin-Snhg9 Tg litter- 
mates fed a high-fat diet. (F) Relative 
total neutral lipid concentrations in the 
feces of wild-type and Villin-Snhg9 

Tg littermates fed a high-fat diet. 

(G to 1) Wild-type and Villin-Snhg9 Tg 
littermates were fed a high-fat diet for 
10 weeks and were assessed for body fat 
percentage (G), epididymal fat pad 
weight (H), and liver fat accumulation 
(examples are indicated with arrow- 
heads) as indicated by hematoxylin and 
eosin staining (scale bars, 100 um) (I). 
(J and K) Wild-type and Villin-Snhg9 Tg 
littermates fed a high-fat diet were 
assessed for glucose tolerance (J) and 
insulin tolerance (K). N = 5 mice per 
group. (L) Body fat percentages of 
wild-type and Villin-Snhg9 Tg littermates 
that were treated with antibiotics after 
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switching to a high-fat diet for 10 weeks. (M) Body fat percentages of wild-type and Snhg9 littermates that were treated with antibiotics after switching to a high-fat diet 
for 10 weeks. All experiments are representative of at least two independent experiments. Means + SEMs are plotted; each data point represents one mouse. *P < 0.05; 
**P < 0.01; ns, not significant; two-tailed Student's t test. 


Further supporting this idea, inactivation 
of Snhg9 in 3T3-L1 cells (Snhg9~ cells) by 
CRISPR-Cas9 genome editing (fig. S6, A to D) 
increased expression of Pparg, PPARy, and 
downstream target genes (Fig. 3, H and I, and 
fig. S6E). This increase occurred despite the 
high frequency of cell passage during the se- 
lection process, which tends to suppress Pparg 
expression. By contrast, cells edited with a non- 
targeting single-guide RNA (sgRNA) showed 
minimal Pparg expression as a result of a high 
number of cell passages (32) (Fig. 3, H and I), 
and reexpression of Snhg9 in Snhgo’ ~ 3T3-L1 
cells largely reversed Pparg expression (Fig. 3, 
H and I). Notably, overexpression of Snora7s, 
which is flanked by the Snhg9 exons, did not 
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alter Pparg expression (fig. S6F), which sug- 
gests that Srora78 deletion did not cause the 
increased expression of Pparg in Snhgo’ ~ cells, 
and deleting the Snhg9 locus did not interfere 
with the expression of a nearby gene Rps2 (fig. 
S6G). These data support the idea that Snhg9 
releases SIRT1 from CCAR2 inhibition. 
Consistent with the reduced Pparg expres- 
sion, Snhg9 overexpression restrained the dif- 
ferentiation of 3T3-L1 cells to adipocytes (Fig. 
3, J and K). Conversely, Snhgo’ ~ 3T3-L1 cells 
maintained the ability to differentiate and form 
lipid droplets (Fig. 3, L and M). However, cells 
edited with nontargeting sgRNA lost the abil- 
ity to differentiate as a result of insufficient 
expression of Pparg arising from multiple cell 
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passages (32) (Fig. 3, Land M). Taken together, 
our results reveal that ncRNA Snhg9 inhibits 
Pparg expression and lipid metabolism by dis- 
sociating the CCAR2-SIRT1 complex. 


Villin-Snhg9 transgenic mice have reduced 
lipid absorption 

The presence of the intestinal microbiota en- 
hances dietary lipid absorption and promotes 
obesity in mice fed a high-fat diet. Germ-free 
mice, which are microbiologically sterile and 
thus lack an intestinal microbiota, tend to ab- 
sorb less lipid compared with conventional mice 
and thus are largely protected from high-fat 
diet-induced obesity (2, 3, 7, 8). Because Snhg9 
suppresses lipid metabolism in cells (Fig. 3) 
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Fig. 5. The microbiota suppresses Snhg9 expression through a myeloid 
cell-ILC3 relay. (A to I) Snhg9 expression was measured by qPCR analysis of 
the small intestines of conventional (CV) wild-type, germ-free (GF) wild-type, and 
conventional Myd88~“~ mice (A); Myd88" and Myd88“° (epithelial cell- 
specific knockout) mice (B); Myd88™" and Myd88°°“4* (Cdllc* cell-specific 
knockout) mice (C); Cdllc-DTR mice untreated or treated with Diphtheria toxin 
(DT) (D); wild-type (WT) and Ragl” mice (E); Ragl’’~ mice injected using the 


and is up-regulated in the intestines of germ- 
free mice (Fig. 1C), we hypothesized that Snhg9 
limits body fat accumulation in mice. 

To test this hypothesis, we used the Villin 
promoter to force the expression of Snhg9 in 
intestinal epithelial cells of conventional mice 
(Villin-Snhg9 transgenic mice) (fig. $7, A to D). 
Consistent with our findings in cultured cells, 
SIRT1 deacetylase activity was higher in intes- 
tinal epithelial cells from conventional Villin- 
Snhg9 transgenic mice compared with those 
from wild-type littermates, with activity levels 
comparable to those of wild-type germ-free 
mice (Fig. 4A). 

To investigate whether Snhg9 overexpres- 
sion affects lipid metabolism in vivo, we com- 
pared the small intestinal transcriptomes of 
Villin-Snhg9 transgenic mice with those of 
their wild-type littermates using RNA-seq. 
KEGG pathway analysis confirmed that Snhg9 
overexpression suppressed the expression of 
genes involved in metabolic pathways, includ- 
ing the PPAR signaling pathway (Fig. 4B). 
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Student's t test. 


Villin-Snhg9 transgenic mice showed reduced 
expression not only of Pparg but also genes 
involved in fatty acid absorption (such as Cd36), 
transport (such as Fabp4), and synthesis (such 
as Scdl1) (Fig. 4C). Expression of these genes 
and their protein products was also reduced in 
germ-free mice compared with conventional 
wild-type mice (fig. $7, E and F). Consequently, 
Villin-Snhg9 transgenic mice were similar to 
germ-free mice in that they had less lipid in 
their intestinal epithelial cells and more in their 
feces when compared with wild-type litter- 
mates (Fig. 4, D to F). 


Villin-Snhg9 transgenic mice are 
protected from high-fat diet—induced 
metabolic disorders 


When fed a normal chow diet, Villin-Snhg9 
transgenic mice had body weights similar to 
those of their wild-type littermates (fig. S7G). 
However, their body fat percentages and epi- 
didymal fat pad weights were reduced (fig. S7, 
H and J), and they were more glucose tolerant 
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intraperitoneal route with anti-CD90.2 antibody or IgG isotype control (F); 
Ragl’“ and Rag2“ll2rg’~ mice (G); Rorc’’* and Rorc8"” mice that were 
untreated (CV) or treated with antibiotics (Abx) (H); and Myd88’~ mice treated 
with recombinant IL-22, IL-23, or vehicle (I). All experiments are representative of 
at least two independent experiments. Means + SEMs are plotted; each data 
point represents one mouse. *P < 0.05; **P < 0.01; ns, not significant; two-tailed 


(fig. S7J). When switched to a high-fat diet for 
10 weeks, Villin-Snhg9 transgenic mice exhib- 
ited decreased body weights (fig. S7K), lower 
overall body fat percentages (Fig. 4G), smaller 
epididymal fat pads (Fig. 4H and fig. S7L), and 
milder liver steatosis (Fig. 41) compared with 
their wild-type littermates. They also had lower 
serum triglycerides and free fatty acids (fig. S7, 
M and N), increased glucose tolerance, and de- 
creased insulin resistance (Fig. 4, J and K). These 
phenotypes did not result from altered food 
intake, physical activity, respiratory exchange 
ratio, or microbiota composition (fig. S8, A to C). 

Because the expression of intestinal Snhg9 
is suppressed by the microbiota (Fig. 1C), we 
further assessed the requirement for the mi- 
crobiota in Snhg9-regulated lipid metabolism. 
When we depleted the microbiota by antibiotic 
treatment, wild-type mice fed a high-fat diet 
had lowered body fat percentages, similar to 
those of Villin-Snhg9 transgenic littermates 
(Fig. 4L). This is consistent with the increased 
Snhg9 expression in antibiotic-treated mice 
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(Fig. 1C). For comparison, we generated Snhgo’ r 
mice by CRISPR-Cas9-mediated gene target- 
ing (fig. S9, A and B). Although the Snhgo/ ~ 
mice had body weights and body fat percen- 
tages similar to those of wild-type littermates 
when fed a normal chow diet (fig. S9, C and 
D), they had increased body fat percentages 
and weight gain when fed a high-fat diet, even 
when their microbiota were depleted with 
antibiotics (Fig. 4M and fig. S9E). These data 
support the conclusion that the microbiota 
promotes body fat accumulation in part by re- 
pressing intestinal Snhg9 expression. 


The microbiota suppresses Snhg9 expression 
through a myeloid cell-ILC3 relay 


Bacteria activate intestinal epithelial cell gene 
expression through Toll-like receptors (TLRs) 
and their common signaling adaptor MyD88 
(33). Expression of intestinal Snhg9 was in- 
creased in Mydss’ ~ mice compared with wild- 
type controls (Fig. 5A), which suggests that 
MyD88 is required for microbial repression of 
intestinal Snhg9 expression. Although epithe- 
lial cell Myd88 was dispensable for repres- 
sion of Snhg9 expression (Fig. 5B), mice with 
Myd88 selectively deleted in CD11c* cells showed 
elevated Snhg9 expression (Fig. 5C), which 
suggests a role for CD11c* cells in repressing 
Snhg9 expression. We tested this idea using a 
mouse model of CD11c’ cell depletion in which 
Diphtheria toxin receptor (DTR) is expressed 
from the CdiIc promoter (34). Selective deple- 
tion of CD11c* cells by Diphtheria toxin admin- 
istration increased Snhg9 expression relative 
to controls (Fig. 5D). Because CD1lc marks 
myeloid cells, including dendritic cells and 
macrophages, these results indicate that mye- 
loid cells are required for microbial repression 
of intestinal Snhg9 expression. 

Bacteria regulate the expression of several 
key intestinal epithelial cell genes through an 
immune cell signaling relay involving primar- 
ily myeloid cells and group 3 innate lymphoid 
cells (ILC3s) (2, 35-37). In this relay, bacteria 
activate myeloid cells through TLRs and MyD88, 
which then signal to ILC3 through the cyto- 
kine interleukin-23 (IL-23). Activated ILC3s 
then signal to intestinal epithelial cells through 
IL-22 (2, 35-37). Having established a role for 
myeloid cells in microbial repression of Snhg9 
expression, we next tested for the involvement 
of ILCs. Rag v7 mice, which lack T and B cells, 
had decreased expression of intestinal Snhg9 
compared with wild-type mice (Fig. 5E). This 
indicated that T and B cells are dispensable for 
the microbial repression of Snhg9, whereas de- 
creased expression of Snhg9 may be a result of 
the increased bacterial loads in the intestines 
of Ragt’ ~ mice (36). By contrast, depleting 
ILCs in RagI”~ mice with the CD90.2 antibody 
(38) elevated Snhg9 expression (Fig. 5F), which 
indicates a requirement for ILCs in micro- 
bial repression of Snhg9 expression. Simi- 
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larly, Raga’ “larg? ~ mice, which lack immune 
cells (including ILCs) that are dependent on the 
IL-2 receptor y chain, showed increased expres- 
sion of intestinal Snhg9 compared with Ragl’— 
mice (Fig. 5G). 

To further assess the requirement for ILC3, 
we analyzed Snhg9 expression in RorckiP/siP 
mice, which lack IL-22-producing cells, includ- 
ing ILC3 (38). Rorc#/®” mice showed increased 
Snhg9 expression compared with wild-type lit- 
termates, and antibiotic depletion of gut mi- 
crobiota abolished this difference (Fig. 5H), 
which supports the idea that ILC3s relay mi- 
crobial signals that repress Snhg9 expression. 
Additionally, supplementing Mydss7’ ~ mice 
with either IL-22 or IL-23 repressed Snhg9 
expression to the levels observed in conven- 
tional wild-type mice (Fig. 51D, consistent with 
the known involvement of these cytokines in the 
myeloid cell-ILC3 signaling circuit (2, 35-37). 
Further, Snhg9 expression was repressed by 
monocolonization of germ-free mice with bac- 
terial species known to activate myeloid cell- 
ILC3 signaling (2, 35, 37), including Salmonella 
enterica Serovar Typhimurium (S. Typhimurium), 
a Gram-negative intestinal pathogen, and 
segmented filamentous bacteria (SFB), Gram- 
positive members of the intestinal microbiota 
(fig. S10, A and B). Thus, the microbiota sup- 
presses Snhg9 expression through a myeloid 
cell-ILC3 signaling relay. 


Discussion and limitations 


This study shows that the gut microbiota pro- 
motes lipid absorption and metabolism by re- 
pressing the expression of IncRNA Snhg9. This 
finding raises several additional questions for 
future study. First, are there specific compo- 
nents of the gut microbiota that promote lipid 
absorption through Snhg9 repression? We 
found that Snhg9 expression was selectively 
repressed by bacterial species that activate in- 
testinal myeloid cell-ILC3 signaling, which 
provides a potential clue. However, more studies 
are needed to determine what bacterial com- 
ponents or characteristics enable activation of 
myeloid cell-ILC3 signaling and how micro- 
bial community composition affects Snhg9 
expression and lipid metabolism. Second, what 
is the evolutionary rationale for microbial reg- 
ulation of lipid absorption? It is possible that 
intestinal lipid metabolism is linked to innate 
immune sensing of microbes to cope with an 
increased energy demand during colonization 
or infection, to provide lipid substrates or me- 
diators that regulate intestinal immune cell 
development, or to enhance epithelial barrier 
function through reactive oxygen species pro- 
duction via lipid oxidation. Third, do these 
findings provide insight into the regulation of 
human lipid metabolism? SNHG9 is conserved 
and expressed in humans (19), which raises 
the possibility that homan SNHG9 functions 
in a similar manner. 
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Conclusions 

In this study, we show that Snhg9 RNA regu- 
lates PPARy activity by dissociating SIRT1 from 
CCAR2, providing insight into how a ncRNA 
regulates intestinal lipid metabolism. These 
findings advance our understanding of the 
complex epithelial cell networks that regulate 
lipid metabolism in response to microbial 
signals (2, 3) (fig. S11). Ultimately, these re- 
sults could suggest strategies for treating met- 
abolic disease by targeting Snhg9 and the 
microbiota. 
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Ternary NiMo-Bi liquid alloy catalyst for efficient 
hydrogen production from methane pyrolysis 


Luning Chen'+, Zhigang Song*+, Shuchen Zhang'{, Chung-Kai Chang®, Yu-Chun Chuang’, 


Xinxing Peng’, Chaochao Dun’, Jeffrey J. Urban* 
David Prendergast*, Miquel Salmeron’, Gabor A. 


Methane pyrolysis (MP) is a potential technology for 


, Jinghua Guo®, Jeng-Lung Chen**, 
Somorjai“®*, Ji Su””* 


CO,-free hydrogen production that generates only solid 


carbon by-products. However, developing a highly efficient catalyst for stable methane pyrolysis at a moderate 
temperature has been challenging. We present a new and highly efficient catalyst created by modifying a 
Ni-Bi liquid alloy with the addition of Mo to produce a ternary NiMo-Bi liquid alloy catalyst (LAC). This catalyst 
exhibited a considerably low activation energy of 81.2 kilojoules per mole, which enabled MP at 


temperatures between 450 and 800 Celsius and a 


hydrogen generation efficiency of 4.05 ml per gram of 


nickel per minute. At 800 Celsius, the catalyst exhibited 100% Hp selectivity and 120 hours of stability. 


ydrogen (Hz) is emerging as a promis- 

ing clean energy solution on a global scale 

(1-3). However, most H, production (90 

million tons in 2020) comes from fossil 

fuels, such as natural gas, oil, and coal, 
which result in substantial CO, emissions (about 
900 million tons) (4). Water electrolysis is a 
green H, technology that uses renewable energy 
to produce CO,-free Hy (5). However, currently 
it only contributes 2% of H, production given 
its high cost (5 to 6 USD per kgyp2) and high 
energy consumption (286 kJ/mol.) (6). Meth- 
ane (CH,) pyrolysis (MP) is another CO,-free 
method for H, production that in addition pro- 
duces valuable carbon materials, such as graph- 
ene, carbon nanotubes, and fullerenes (7). 
Although the MP reaction requires only 37.5 kJ 


of energy to produce one mole of Ha, it still 
requires high reaction temperatures (>1000°C) 
to activate CH,, leading to high energy demand, 
costly equipment, and unavoidable heat losses 
(8, 9). Moderate reaction temperature would mit- 
igate by-product formation (ethane, ethylene, 
acetylene, aromatics), minimizing H, separation 
and purification operations. Thus, it is essential 
to develop optimal catalysts that exhibit high 
catalytic activity, enabling a moderate operat- 
ing temperature while also demonstrating excel- 
lent resistance to fouling and degradation. 
Traditional supported transition metal cata- 
lysts (Ni, Co, Fe, Pt, or Pd) can catalyze MP 
under appropriate low reaction temperatures 
(500 to 600°C) with low apparent activation 
energy (Ea) values ranging from 65 to 96 kJ/mol, 


q 


but they invariably suffer from deactivatio| ree 


carbon coking and aromatics fouling (10! 
Molten liquid catalysts (MLCs) can overcome the 
deactivation issue by removing carbon products 
that float on top of the liquid catalysts and offer 
excellent durability. However, the high E, of 
MLCs, ranging from 160 to 310 kJ/mol, demands 
high temperatures for CH, activation (Fig. 1A) 
(12-14). 

Recent findings indicated that the Ni-Bi liquid 
alloy metal catalyst could catalyze MP. However, 
the strong interaction between the active metal 
sites and solvent metal created a cage with pos- 
itively charged Bi atoms encapsulating negative 
charged Ni. This atomic arrangement obstructs 
the CH, reaction and results in low activity with 
a high activation energy E, of 208 kJ/mol (15). 
Hence, reducing the cage effect of liquid metal 
catalysts is crucial to achieving a highly active 
catalyst for MP. Although liquid-metal catalysts 
have been used as new-generation catalysts in ~ 
some specific catalytic processes (16-18), so far 
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Fig. 1. Scheme of Hz production from CH, pyrolysis. (A) Overview of catalysts for H2 production from CH, pyrolysis, including the stability and activity of different 
solid and molten liquid catalysts. (B) Image of cooling down reactor after a long-time CH, pyrolysis reaction (detailed parameters and images in figs. Sl and S2). 
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Fig. 2. Catalytic data. (A) H2 generation rate under different reaction 800°C over NiMo-Bi LAC with different composition. All catalysts contain the 


temperatures and (B) the apparent activation energy 


NiMo-Bi liquid alloy catalyst (with a molar ratio of Ni to 
conditions: 4 ml/min CHa, pressure: 206 kPa (30 psi 
(C) The conversion and selectivity (left) and Ho generation rate (right) at 


studies have not focused on tailoring the inter- 
action between active sites and surrounding so- 
lution metal. 


NiMo-Bi liquid alloy catalyst for MP 


Compared with single-element metal materials, 
multi-element alloys have attracted attention in 
recent years because of their mechanical, phys- 
ical, and chemical properties resulting from the 
entropy increase (19-21). The properties of alloy 
catalysts can be modified by additional ele- 
ments, similar to how soluble metal complex 
catalysts can be modified by tuning ligands to 
modify active sites and their interaction with 
solvents (22-24). We added the third metal to 
regulate the interaction between the active 
metal and solution metals. We found that the 
introduction of Mo successfully decreases the 
cage effect from Bi atoms surrounding the Ni 
(15), as a result of the Ni-Mo interaction (Fig. 1B). 
The NiMo-Bi (Ni 2.3 wt %, Mo 1.3 wt %, and Bi 
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of CH, pyrolysis over 
o of 3:1). Reaction 
), catalyst height: <1 cm. 


96.4 wt %) catalysts displayed the maximum MP 
activity with a high H. generation efficiency 
(4.05 mL 2x; min") at 800°C, which is 37 
times faster than Ni-Bi catalysts. The E, of our 
NiMo-Bi catalyst was 81.2 kJ/mol, substantial- 
ly lower than other reported MLCs, approach- 
ing the level of supported solid metal catalysts 
(65 to 96 kJ/mol). 

The preparation process of the NiMo-Bi cata- 
lyst was simple. For example, the best-performing 
NiMo-Bi catalyst (with an Ni-to-Mo molar ratio 
of 3:1) was prepared by directly reducing a mix- 
ture of nickel oxide, molybdenum oxide, and 
bismuth pellets in a quartz reactor with H, gas 
(figs. SI and S2) (see details in supporting in- 
formation). After the reduction, the mixture 
melted into the liquid metal solution under No 
and was ready to be used for the MP reaction. 
We used high-resolution powder x-ray diffrac- 
tion (XRD) to identify the structure of the liquid 
NiMo-Bi catalyst after cooling down to room 


25 August 2023 


same Ni amount. (D) The conversion and selectivity (left) and Hs generation 
rate (right) at 800°C over different liquid metal alloy catalysts. (E) The 
long-time stability measurement of CH4 dehydrogenation over NiMo-Bi LAC 
(with a molar ratio of Ni to Mo of 3:1) at 800°C with 4 ml/min CHy. 


temperature under an inert atmosphere. We 
identified a major crystal Bi phase with a sym- 
metry group of R-3m (ICSD-64703), and a minor 
Bi,Ni phase with Pnma symmetry (ICSD-391336) 
according to the fitting results (fig. S3) (25). No 
appreciable amounts of phases related to the Mo 
component were detected compared with the 
Ni-Bi sample. We found that the Ni-Mo inter- 
action could enhance the solubility of Mo in Bi, 
and more evidence will be provided in the spec- 
troscopy and theoretical study sections. We next 
studied the phase transitions in a melting pro- 
cess by in situ high-temperature XRD (fig. S4). 
The crystal phase of Bi disappeared at 260°C 
near the Bi melting point of 270°C. The Bi;Ni 
phase disappeared at 420°C (26), indicating that 
above this temperature, the NiMo-Bi catalyst 
remained in the liquid state, with Ni and Mo 
homogeneously distributed in the liquid solu- 
tion (fig. $5). In situ high-temperature energy- 
dispersive spectroscopy mapping showed that 
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Fig. 3. Statement of Ni species of Ni-Bi and NiMo-Bi liquid alloy catalysts. (A) Nickel 2p x-ray photoelectron spectroscopy (XPS) of Ni-Bi and NiMo-Bi 
catalysts at room temperature. (B) Ni K-edge x-ray absorption near edge spectroscopy (XANES) spectra of Ni-Bi and NiMo-Bi catalysts at room temperature (RT) 


and operating temperature. 


Fig. 4. Molecular A 0.38 B 
dynamics sim- 4 
ulation. (A) Aver- 
age transferred 0.36 po | ‘ 
electrons to a Ni Ss _ 3h 
atom. Molecular all, g 
dynamics is per- o E€ —— NiMo-Bi 
oti neiae a 221 —— NiBi 
of Ni-Bi and NiMo- = x 
Bi at 1500 K. 
(B) H atomic 0.32 4b 
number around 
aC atom asa 
function of time. 0.30! 0 ‘ 
Molecular dynamics 0 500 1000 1500 2000 0 50 100 150 200 250 300 ° 
is performed using Time (fs) Time (fs) 
a CH, molecule in C Ni-Bi 
Naan 9999S CPPPS 099A CFP RS BORA 
(C) Snaps of CHg in GIIbS 09S FAP ogee et ee we *#Oz8 
the liquid alloy of GI~4eID?O CIPR2OP O09 a CNS Pg eres 
Bid NCS 9 OOD PIERS 9 FERS CF9FRS OFPOS 
movies S5 and S6). GIII?A PIP IF 29999 ira WL rae ws 
NiMo-Bi 
GIGIS CIBDP?P Ga7ta?r G#tCar Fetzer 
99IPD FEFIE ESFAZS CBSL9 C5838 
IPLID CBROP BHPPTP BHHBP LAI 
29990 #09889 gesae gesse FISKE 
II~II?S GP9IP IS 9IP38? 9SP8? PS2IDP 
0 fs 100 fs 175 fs 200 fs 300 fs 
@©@e eer 
Bi Mo Ni C H 
3 of 5 


Chen et al., Science 381, 857-861 (2023) 


25 August 2023 


RESEARCH | RESEARCH ARTICLE 


at 500°C, the Ni, Mo, and Bi were uniformly 
distributed in the liquid alloy (fig. S6). 


Catalytic studies 


After catalyst preparation, CH, was introduced 
in the reactor and passed through the liquid 
catalyst to investigate the MP performance 
at different temperatures with a flow rate of 
4 ml/min CH, and a 206 kPa (30 psi) pressure. 
The residence time of CH, through the liquid 
alloy catalyst was around 0.13 min. 

No H, was detected below 400°C. At 450°C, 
the catalysts were completely melted (fig. S5), 
and Hy» was detected with a generation rate of 
0.16 mLy» 2x; / min”. High temperature favored 
H, production and CH, conversion. Increasing 
the temperature to 800°C, the H, generation 
rate increased to 4.05 mLy. Sy; / min’ and the 
CH, conversion reached 9.87% (Fig. 2A), which 
is 37 times higher than the Ni-Bi catalyst 
(0.11 mLy» gyi? min~’). No other by-products 
were detected under the operation tempera- 
tures (fig. S7), indicating complete CH, decom- 
position. Notably, this reaction system avoided 
the production of aromatics that result in foul- 
ing by acetylene by-products, which would cause 
catalyst deactivation and reaction blocking 
(27, 28). The E, of 81.2 kJ/mol was determined 
from the Arrhenius plots (Fig. 2B). This value 
is much lower than in all reported MLCs (166 
to 310 kJ/mol) and comparable to that of solid 
metal catalysts (13). 

The catalytic MP performance was further 
investigated under different reaction conditions 
(fig. S8). Lower flow rates or CH, concentration 
led to an increase in CH, conversion. When the 
CH, flow rate decreased to 1 ml/min, the con- 
version of CH, increased to 11.2%. Increasing 
the CH, pressure to 310 kPa (45 psi), the CH, 
conversion increased to 13.1% as a result of CHy, 
solubility enhancement. Notably, the residence 
time of CH, could be tuned by the catalyst 
height. Longer residence times increase the CH, 
conversion. For a 5-cm-tall NiMo-Bi catalyst col- 
umn, CH, conversion raised to 16.3%, which is 
higher compared with previous Ni-Bi catalysts 
(13%) even with higher catalyst columns (8 cm) 
and higher temperature (1000°C) (75). When 
10% CH, diluted in No was fed into the 5-cm- 
tall NiMo-Bi catalyst, the CH, conversion could 
reach up to 51.7% under 800°C and 2 bar of 
total pressure. These results indicated that CH, 
conversion could be further enhanced by reac- 
tor engineering optimization. Considering the 
considerably higher activity of our catalyst and 
similar catalyst physical properties to the Ni-Bi 
catalyst (15), it is reasonable to assume that 
achieving a conversion close to the reaction 
equilibrium is feasible. 

To determine the effect of different elements 
on catalytic results, we investigated the perform- 
ance of liquid alloy catalysts with different Ni- 
Mo-Bi ratios (Fig. 2C and S9). Pure liquid Bi 
displayed no measurable activity for MP below 
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800°C. The Ni-Bi catalyst (without Mo) gener- 
ated Hp at a rate of 0.02 mL gnj > min” starting 
at 650°C, which increased to 0.11 mLy9 2; min 
at 800°C. Introducing Mo increased the reac- 
tion activity and reduced the onset temperature 
for MP. The H, generation rate over the NigMo- 
Bi catalyst was 0.59 mLy. gx; / min? at 800°C 
and reached 1.02 mLys gn; * min | for Ni,;Mo-Bi. 
The best catalytic performance was achieved 
at a ratio of Ni to Mo of 3:1. As the concen- 
tration of Mo was further increased, the H» gen- 
eration rate slightly decreased, whereas the H» 
selectivity also decreased because of the forma- 
tion of hydrocarbon by-products. These results 
demonstrate that in the NiMo-Bi liquid alloy 
system Ni was the active metal, with Bi acting 
as the solvent. Further, Mo, which has strong 
interaction with Ni, performed as the regula- 
tory metal and enhanced the reaction activity 
by modulating the interaction of the solvent Bi 
metal and the active Ni metal. 

We further investigated liquid alloy catalyst 
systems of different compositions, all in the 
liquid phase under the reaction temperature 
(Fig. 2D and fig. S10). No catalytic activity was 
detected for either Zn-Bi or ZnMo-Bi catalysts. 
The Cu-Bi catalyst had similar catalytic activity 
to Ni-Bi (29). However, in contrast to the NiMo- 
Bi system, the addition of Mo did not apprecia- 
bly enhance the reaction activity of the CuMo-Bi 
catalyst. Furthermore, when W was used instead 
of Mo in the NiMo-Bi system, despite its similar 
chemical and physical properties, the enhance- 
ment observed was much smaller compared 
with Mo, especially at high temperatures, due 
to the weaker interaction between Ni and W 
compared to that between Ni and Mo (30). 

In addition to high activity and selectivity, the 
NiMo-Bi catalyst also exhibited excellent stabil- 
ity in the MP reaction. After 120 hours of mea- 
surement at 800°C with a methane flow rate of 
4 ml/min, the NiMo-Bi maintained excellent 
activity and selectivity without any deactivation 
relative to the initial performance (Fig. 2E), which 
is better than most MP catalysts including MLCs 
and traditional solid catalysts (Fig. 1A). The Ni 
and Mo were still uniformly dispersed in the 
Bi solution without any aggregation, suggesting 
that the NiMo-Bi could maintain stability over 
an even longer period. During the reaction, the 
carbon product was segregated from the cata- 
lysts and accumulated on the catalyst surface 
(fig. S11). No sticky aromatic fouling species 
were detected on the wall of the quartz reactor. 
By further washing the carbon products with 
acetone, no aromatic products were detected 
by GC-MS. Notably, although the carbon could 
also catalyze the MP reaction, under our reac- 
tion condition the activity of the NiMo-Bi cata- 
lyst was much higher than that of the formed 
carbon, indicating that all MP activity comes 
from NiMo-Bi catalysts. To further confirm this, 
100-mg carbon products were used as a cata- 
lyst, which displayed low activity (0.6% conver- 
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sion) and fast deactivation rate (36% in 5 min) 
under a similar reaction condition (fig. S12). 


Spectroscopy studies 


X-ray photoelectron spectroscopy (XPS) and 
in situ x-ray absorption near-edge spectroscopy 
(XANES) were applied to further investigate 
the chemical state of the species in the liquid 
alloy catalysts. XPS (Fig. 3A) results show 
that the binding energy of the Ni 2p level in the 
Ni-Bi catalyst (852.2 eV) was 0.5 eV lower than 
that of metallic Ni (852.7 eV) (3D, indicating that 
Ni was negatively charged by electron transfer 
from surrounding Bi, in agreement with previ- 
ous work (32). After Mo introduction, the peaks 
of Ni in NiMo-Bi shifted to a higher binding en- 
ergy (852.5 eV), suggesting that the Ni in NiMo-Bi 
catalyst is closer to the metallic state but still 
negatively charged. 

In situ high-temperature XANES (fig. S13) 


was used to explore the Ni electronic structure at ~ 


the reaction temperature (Fig. 3B and fig. S14). 
Consistent with XPS results, the adsorption edge 
energies of Ni in Ni-Bi and NiMo-Bi LACs were 
lower than that of the Ni reference foil at room 
temperature, indicating its negative charge 
resulting from the interaction with Bi (33). Heat- 
ing up catalysts under an inert atmosphere, the 
adsorption edge energies of both Ni-Bi and 
NiMo-Bi moved to lower values, implying that 
in the liquid state, Ni is well mixed with Bi, 
favoring electron transfer from Bi to Ni (15, 34). 
After Mo introduction, the strong interaction 
between Ni and Mo modulated the electronic 
state of Ni and reduced the interaction be- 
tween Ni and Bi (35). Additionally, the XANES 
spectra of NiMo-Bi at Mo K-edge showed that 
at both high temperature and room temper- 
ature the valence state of Mo is different from 
that in the metallic foil and molybdenum oxide, 
which indicated that there is no Mo metal or 
molybdenum oxide in the liquid alloy. Fur- 
ther, no Mo-Mo or Ni-Ni bonds were detected 
in the NiMo-Bi liquid alloy according to room 
temperature extended x-ray absorption fine 
structure spectra (fig. S15). The different radial 
distances and coordination environment of Ni 
and Mo of NiMo-Bi catalysts, compared with 
metal foil counterparts, further proved that Ni 
and Mo were uniformly dispersed without any 
aggregation (36). Moreover, the difference be- 
tween the Ni-Bi and NiMo-Bi catalysts indi- 
cated the interaction between Ni and Mo, 
which is also different from the traditional Ni- 
Bi alloy. These spectroscopy studies success- 
fully verified the existence of interactions 
between Ni and Mo in the NiMo-Bi melt, which 
resulted in Ni being less negatively charged 
and the enhancement of Mo solubility in the 
Ni-Bi system. 


Theoretical studies 


A theoretical molecular dynamics simulation 
based on density functional theory was conducted 
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to gain deeper insights into the electronic struc- 
ture and reaction process in the liquid alloy 
catalysts (the details of the calculation are 
shown in the supplementary information). First, 
we simulated the dissolution process of the Mo, 
dimer and Mo cluster (fig. S16 and movies S1 
and S2). In the pure molten Bi, the distance of 
two Mo atoms of Mo, dimer did not change as 
a result of the limited solubility of Mo (37), but 
in the presence of Ni the Mo-Mo distance would 
increase. Similar results were found in the Mo 
cluster in Bi-Ni liquid alloy. These results 
demonstrate that the solubility of Mo could 
be enhanced as a result of Ni-Mo interaction 
leading to Mo uniformly dispersing in the liq- 
uid alloy instead of aggregating. Then we mo- 
nitored the average Ni electron charge in Ni-Bi 
and NiMo-Bi catalysts (Fig. 4A). In accordance 
with XPS and XANES results, the Ni dissolved 
in Bi with or without Mo are both negatively 
charged because of the difference of electron 
affinity between Ni and Bi. After Mo introduc- 
tion the charge of the Ni atoms decreased, which 
could potentially increase the Ni mobility as well 
as decrease the interaction between Ni and 
surrounding Bi atoms (38). 

To further understand this phenomenon, we 
embedded a Ni atom in the Bi solution and 
carried out a molecular dynamics simulation 
at 1500 K. The Ni atom was surrounded by Bi 
atoms (fig. S17 and movie S3). However, after Mo 
introduction, the Ni atom broke through the 
surrounding Bi atoms, making it more accessi- 
ble to CH, molecules as catalytic active sites 
(fig. S18 and movie S4). Subsequently, we intro- 
duced CH, in the NiMo-Bi and Ni-Bi systems to 
follow the dissociation process at 1500 K (Fig. 
4C and movies S5 and S6). The number of H of 
CH, was calculated and the results are listed 
in Fig. 4B. The strong interaction between Ni and 
Bi made it more difficult for the CH, molecules 
to reach the caged Ni active sites, resulting in a 
reaction time to dissociate of about 300 femto- 
second (fs) for the Ni-Bi system. However, the 
introduction of Mo weakened this cage effect 
and increased the possibility of interaction be- 
tween Ni and CH,, which caused CH, to start 
to dissociate at about 180 fs for the NiMo-Bi 
system. If we introduced W to replace Mo, the 
CH, started to dissociate at 252 fs for NiW-Bi, 
due to the weak interaction between Ni and W 
at a high temperature (fig. S19 and movie $7). All 


Chen et al., Science 381, 857-861 (2023) 


these results are in agreement with our exper- 
imental observation. 


Discussion 


The MP process is widely recognized as a prom- 
ising approach for clean H, production. Never- 
theless, it is suffering from a lack of a catalyst 
capable of efficiently, selectively, and stably 
catalyzing the MP process under mild reac- 
tion temperatures. We developed a NiMo-Bi 
liquid alloy catalyst that could simultaneously 
perform high efficiency, selectivity, and durabil- 
ity for methane pyrolysis at mild temperatures. 

It is worth noting that the NiMo-Bi liquid 
alloy catalyst also exhibited high activity for 
the pyrolysis of other natural gas components, 
such as ethane and propane (fig. S20). This indi- 
cates that this liquid metal alloy catalyst could 
be further applied in Hy production from other 
sources, such as biomass and plastic (39, 40). 
Further, more-efficient soluble multi-elementary 
liquid alloy catalysts with different compositions 
are also under development, which may break 
through the recent reaction limitations and 
change the future of catalysis. 
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Pneumatic cells toward absolute Gaussian morphing 


Tian Gao, José Bico, Benoit Roman* 


On a flat map of the Earth, continents are inevitably distorted. Reciprocally, curving a plate 
simultaneously in two directions requires a modification of in-plane distances, as Gauss stated in his 
seminal theorem. Although emerging architectured materials with programmed in-plane distortions 
are capable of such shape morphing, an additional control of local bending is required to precisely set 
the final shape of the resulting three-dimensional surface. Inspired by bulliform cells in leaves of 
monocotyledon plants, we show how the internal structure of flat panels can be designed to program 
bending and in-plane distortions simultaneously when pressurized, leading to a targeted shell shape. 
These surfaces with controlled stiffness and fast actuation are manufactured using consumer-grade 
materials and open a route to large-scale shape-morphing robotics applications. 


lants leaves and petals provide a good 

example of shape morphing induced 

by differential growth and are a source 

of inspiration for engineering (7). Mate- 

rials capable of changing shape find 
numerous applications ranging from the fab- 
rication of complex microstructures (2) and 
the manipulation of fragile objects (3, 4) or 
soft-robotics devices (5-8) to locomotion in 
complex environments (9) or the design of de- 
ployable shelters (70). Although basic grabbing 
devices rely on bending linear beams through 
bilayer effects (1D, shape morphing of surfaces 
poses a much greater geometrical challenge. 
If distances along the plane of a surface (i.e., 
the metrics) are conserved, then its Gaussian 
curvature (i.e., the product of its two princi- 
pal curvatures) is strictly conserved, restricting 
the achievable shapes to families of isometries 
(e.g., cylinders or cones for a sheet of paper). 
General morphing of a surface, such as when a 
plane takes on a doubly curved shape, referred 
to here as Gaussian morphing, requires metric 
distortion (72). In natural structures, such 
metric changes result from differential growth 
(13, 14). Engineered systems rely on equivalent 
nonhomogeneous transformations such as 
swelling of hydrogels (15-78), relaxation of 
liquid crystal elastomers (J9) or prestretched 
polymeric filaments (20, 27), inflatable struc- 
tures (22-24), and origami or kirigami tessela- 
tion (25-27). Although the shape of a surface 
is rigorously defined by both curvature and 
metric tensors, these two parameters are gen- 
erally not addressed simultaneously except 
for a few elegant exceptions involving very 
compliant materials relying on relatively slow 
swelling actuation (28-30). Programming com- 
plete morphing in stiff structures with fast 
actuation that are relevant for engineering ap- 
plications remains a challenge. 
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In the realm of botany, the leaves of mono- 
cotyledon plants such as corn are able to curl 
inward reversibly under dry conditions, limit- 
ing evaporation (Fig. 1A). Actuation relies on 
peculiar bulliform cells that change their vol- 
ume depending on turgor pressure (31, 32), 
producing in-plane extension or contraction of 


Fig. 1. Production of 
pneumatic Gaussian 
cells inspired by 

leaf bulliform cells. 
(A) Leaves of corn open 
or close as a function 
of weather conditions 
by inflating of deflating 
bulliform cells under 
turgor pressure. 

(B) Fabrication of a 
shape-morphing 
structure based on 
pneumatic Gaussian 
cells. (i) Tilted thermo- 
plastic polyurethane 
(TPU) walls are 3D 
printed over a first layer 
of TPU-coated fabric. 
(ii) Gaussian cells 
(orange) are formed by 
sealing a second layer 
of fabric on the top 

of the structure with 

a heating press. 

(C) Upon inflation (see 
movie S1), an initially 
flat panel composed 

of programmed 
Gaussian cells self- 
shapes into a complex 
3D structure inspired 
by the starshade 
project (42, 43). 
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embedded with inflatable cells referred to as 
pneumatic Gaussian cells. Both in-plane con- 
traction and angular deflection of the panels 
can be programmed simultaneously through the 
cell’s design, leading to stiff, three-dimensional 
(3D) structures. This qualitative step consti- 
tutes an important milestone toward versatile 
morphing robotics applications. 


Contracting and bending simultaneously 


The elementary unit of a Gaussian cell is based 
on trapezoidal channels 3D printed on a layer 
of airtight fabric (Fig. 1B). A heat-sealed layer 
of the same fabric closes the cell (for the de- 
tailed fabrication process, see the supplementary 
materials and movie S1). The different channels 
embedded in the thin sandwich are connected 
to a pressure source. Pneumatic actuation of 
the cells induces the transformation of the ini- 
tially flat panel into a complex shape such as 
a curve-folded origami structure (Fig. 1C and 
movie S1). Figure 2A presents the deployment 
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mechanism of a plate composed of juxtaposed 
parallel Gaussian cells with spacial periodicity 
£. Because the base and the top of the cells are 
sealed with highly bendable but inextensible 
fabric, the cells tend to bulge into circular arcs 
upon inflation, inducing an inward displace- 
ment and rotation of the lateral walls. The 
general case of a symmetric trapezoidal cross- 
section (orange cells in Fig. 2A) is characterized 
by the thickness of the plate H, the shortest 
width W, and the internal angle B of the cell 
walls (see the supplementary materials for the 
case of asymmetric cells). The inflated shape of 
a Gaussian cell is readily obtained from energy 
minimization (for details, see the supplemen- 
tary materials). The resulting folding angle y 
of the cell is a solution of 


(5-5) 


= sinB cos (8 = ;) (7 cotB + 1)| (1) 


Inflation also reduces the length of the mid- 
segment of the cell by a factor A (Fig. 2B). This 
quantity referred to as in-plane contraction is 
solution of 


= conealG x) (Frente 1)| 


(F cotB + 1) (2) 


The two extreme cases highlighted in yellow and 
green in Fig. 2 correspond to cells of rectan- 
gular (B = 0°) and triangular (W/H = 0) cross- 
sections that only provide in-plane contraction 
or deflection, respectively. Experimental values 
of y and A obtained over a wide range of geo- 
metrical parameters show excellent agreement 
(Fig. 2, B and C) with theoretical predictions 
(Eqs. 1 and 2). Figure 2, C and D, presents the 
wide palette of contraction ratio and folding 
angle as a function of the geometry of inflat- 
able cells parameterized by their internal angle 
6 and aspect ratio W/H. Large folding angles 
are found in the upper part of the parameter 
space, whereas large internal angles B promote 
asymmetry across the thickness of the cell, and 
values as large as y > 90° can be obtained. The 
largest contraction is intuitively obtained in the 
lower right corner, for large W/H. Contraction 
ratio and folding angle vary along different 
patterns in the parameter space. For instance, 
point (ii) in Fig. 2, D and E, corresponds to the 
same contraction as point (i) but to a larger 
folding angle. An important consequence is 
that arbitrary combinations of (A,y) can be 
programmed. 


Stiff pneumatic Gaussian cells 


Gaussian morphing requires large in-plane de- 
formations and is therefore usually associated 
with low stiffness (15, 17, 19, 28). Pneumatic 
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Fig. 2. Programming deformation of Gaussian cells. (A) Schematic illustration of the deployment of a 
flat plate based on three types of symmetric cells. Shown is a generic trapezoidal cell (orange) with walls of 
thickness H tilted by an angle B and separated by a distance W. Upon inflation, the cell induces a local 
deflection y and a contraction 4 with respect to the median line W,. Rectangular cell (yellow) and triangular 
cell (green) configurations correspond to vertical walls (B = 0) or to contacting bases (W = 0), respectively. 
(B and C) Deflection angle y and contraction ratio A as a function of the dimensionless width W/H and of 
the tilt angle B for fixed values of B or W/H, respectively. Solid black lines correspond to theoretical 
predictions (Eqs. 1 and 2). (D and E) Landscape of programmable deformations. Shown are theoretical 
contour maps of the contraction ratio 4 and deployed angle y in a general configuration. 


Gaussian cells provide substantial load-bearing 
capabilities, which can be adjusted not only by 
pressure but also by the geometry of the cell, a 
feature distinct from traditional inflatable struc- 
tures. Their stretching stiffness is assessed by 


testing the mechanical response of a sym- 
metric cell (8 = 0°) loaded in the direction 
perpendicular to the channel walls (Fig. 3A). 
Figure 3B shows the tension force F as a 
function of the net displacement A for a given 
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Fig. 3. Mechanical properties of an inflated cell. (A to C) Stretching modulus. 
(A) Inflated rectangular cell at rest and under tension with span angle @ and 

net displacement A. (B) Force-displacement curve of an inflated rectangular cell 
of height H = 2.3 mm and dimensionless width W/H = 5.5 under a pressure 

P = 10.0 kPa (solid yellow circles). Solid black line indicates theoretical predictions. 
(C) Dimensionless stretching modulus E,/P as a function of dimensionless width 
W/H for various pressures and different cell heights. Solid black line indicates 

a comparison with the theoretical predictions from Eq. 3. (D to G) Bending stiffness. 


specimen. The theoretical prediction (see the 
supplementary materials) is plotted in contin- 
uous lines and matches precisely the force- 
displacement curves measured experimentally. 
For a given applied pressure P, the effective 
Young modulus £, of a single cell is inferred 
from the linear response of the cell for small 
displacement and is expected to follow 


cosOo + OQ SinQ 
E, = tan@ P 
ae sin®y — Acoso (3) 


where the initial spanned angle 0 obeys 
00/cOS09 = W/H (see the supplementary mate- 
rials). The comparison of the normalized mod- 
ulus F./P as a function of the aspect ratio W/H 
is in excellent agreement with the theoretical 
prediction, confirming that the modulus only 
depends on the applied pressure and the geo- 
metry of the cell (Fig. 3C). Conversely, for large 
extension, the stiffness of the cell (Fig. 3B) tends 
toward the stretching stiffness of the pair of 
fabric laid flat, E,;,ax = 2Et/H (where E; and 
t are the Young modulus and thickness of 
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the fabric sheet, respectively), which is inde- 
pendent of pressure. 

The angular stiffness of a nonsymmetric 
cell (8B # 0°) is obtained by measuring the 
torque WM as a function of the applied deflec- 
tion angle y (Fig. 3, D and E). The effective 
angular stiffness K, of the cell (linearized re- 
sponse; see the supplementary materials) is 
predicted to obey 


Ky 

PLH? 
W cos(@ + B — %) + 20psin (8p + B — 2) 
H 405,cosB 


(4) 


where 0) = W (28-“‘to)eosh is the initial value of 
spanned angle of arc W, L is the length of cell, 
and the initial folding angle yo follows Eq. 1. 
These predictions (continuous line in Fig. 
3F) were confirmed by direct experimental 
measurements of the angular stiffness (with 
no adjustable parameter). Different config- 


urations (e.g., points 1 and 2 in the contour 


W/H 


(D) Bending test of of an inflated trapezoidal cell. (E) Starting from an equilibrium 
deflection angle yo, applying a torque M results in a new angle y (H = 3.3 mm, 
W/H = 2.78, B = 41.5° P = 10.0 kPa). The slope of the curve in the vicinity of 

Yo = 50.8° corresponds to the rotational stiffness K,. (F) Rescaled rotational stiffness 
K,/PLH* as a function of the dimensionless width W/H (B = 42.0°) and of the angle 
B (W/H = 2.6) at various pressures and different cell heights, respectively. Solid 
orange lines indicate our nonlinear theoretical prediction (Eq. 4). (G) Contour map 
of the dimensionless rotational stiffness as a function of W/H and 8. 


map in Fig. 3G) are expected to display dif- 
ferent actuated geometries but similar struc- : 
tural stiffness for the same pressure. Overall, 
we found that the mechanical stiffness of an 
isolated Gaussian cell is directly proportional 
to its internal pressure, whereas its activated ¢ 
geometry is independent of pressure, suggesting 
the possibility of tuning the stiffness indepen- 
dently of the shape (for a general discussion of 
the stiffness of the shell structure as a function 
of the spatial periodicity of the cells, see the 
supplementary materials). 


Assembling Gaussian cells into 
programmable structures 


We now explore how elementary folding and 
contraction mechanisms of individual cells 
can be used to program shape morphing of 
plates into complex structures. The induced 
curvature can be discretized as « = y/¢, where 
£ is the spacial periodicity of the cells’ dis- 
tribution (Fig. 2A). Developable surfaces such 
as generalized cylinders or cones are readily 
obtained by controlling the deflection angle 


3 of 6 


RESEARCH | RESEARCH ARTICLE 
A B or 
Tangential developables Developable helicoid 
iW Ni (AME AMET A Atm I RZ mn A A EN 
Upside down Programming gradient Orientation 6 gradient 


Curvature 


Metric 


20 mm 


Curvature + Metric 


ry 


Fig. 4. Programming bending and Gaussian curvatures in multicellular 
structures. (A) Developable shapes based on triangular cells (see movie S2): 
(i) an “S" shape with opposite curvatures (ii) a spiral with a linearly 
increasing curvature, and (iii) a curling shape with variable curvature direction. 
(B) Developable helicoid with generating lines tangent to the central circle 
(see movie S2). (C) A sectioned annulus with radial cells can morph into (i) a 
truncated cone with angular surplus (pure bending with triangular cells), (ii) a 


locally. Figure 4A illustrates different examples 
in which the sign of a constant curvature is al- 
ternated by piece, the amplitude of the cur- 
vature is proportional to the curvilinear abscissa, 
or the direction of the bending direction is 
modified, leading, respectively, to (i) an “S” 
shape, (ii) a spiral with linearly increasing cur- 
vature, or (iii) a curly ribbon (see movie S2). A 
developable helicoid is finally obtained by se- 
lecting the director lines tangent to a central 
circle cut inside the initially flat structure, with 
an additional transverse cut to allow for de- 
ployment (Fig. 4B and movie S82). Figure 4C 
and movie S3 demonstrate, with the simple 
example of a slit annulus morphing into a 
cone, why curvature and metric changes should 
be used simultaneously. Programming solely 
curvature without in-plane contraction on such 
aslit annulus does lead to a cone (Fig. 4Ci), but 
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one with an overlap angle 6* = 2n(1 - sing), 
where ¢p is the cone angle. Conversely, an an- 
nulus with cells solely programmed for in-plane 
contraction will remain flat when actuated 
with an angular deficit 8° = 27(1 - Aer), Where 
ee is the effective contraction ratio at the scale 
of the whole structure (Fig. 4Cii). Only when 
both the active curvature and the in-plane con- 
traction were combined in the programming 
did we observe that the annulus deployed into 
a perfect target conical shape (Fig. 4Ciii). 
In-plane contraction dictates the Gaussian 
curvature of the deployed structures. However, 
targeting this quantity alone only restrains the 
resulting shape to a family of isometries (12). 
In practice, the observed realization relies on a 
minimization of the finite bending energy 
of actual structures, which tends to limit 


the design space to peculiar solutions among 


flat annulus sector with angular deficit (metric change with rectangular cells), 
or (iii) a perfect truncated cone when bending and metric changes are 
programmed simultaneously (see movie S3). (D) Selection between isometries 
(see movie S4). The same metric change (programmed zigzag pattern) leads 
to degenerated isometric shapes from helicoid to catenoid. Controlling local 
bending breaks the degeneracy (for a discussion of inverse programming, see 
the supplementary materials). 


these families (33, 34). Archetypal catenoids ¢ 
and helicoids, minimal surfaces commonly 
illustrated with soap films, present the same 
distribution of Gaussian curvature. Merely prog- 
ramming in-plane contraction using cells of 
rectangular cross-section is therefore not 
enough to select between configurations. How- 
ever, adjusting the internal angle of the walls 
allows for the control of the bending curvature 
in the direction perpendicular to the cells’ path. 
As a result, for two structures designed with 
similar cell outlines [the zigzag patterns pro- 
vide biaxial contraction (35)], precise adjust- 
ment of the internal angle leads to the desired 
helicoid (of programmed handiness) or catenoid 
shapes (36) (Fig. 4D and movie S4; for a dis- 
cussion of the detailed design of the cells, see 
the supplementary materials). Although Gaussian 
cells are capable of curvature in the direction 
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Fig. 5. Toward shape morphing robotics. (A) Self-actuated Miura-ori panel (see movie S5). Cells function as stiff “mountain” or “valley” creases (total load of 
1 kg). (B) Volcano-shaped actuator (see movie S6). The initially flat disk is actuated in a fraction of second as a cylinder rolls over it at 10 cm/s. The cylinder (weight 
AO g) remains trapped inside the deployed crater. (C) Upon inflation, a flat stripe bends into a doubly curved gutter track that permits manipulation and transport 


of liquids (see movie S7). 


perpendicular to their axis, the use of alternat- 
ing directions overcomes this constraint. 

Much effort has been devoted recently to the 
design of origami structures (25, 26); however, 
robust self-actuation remains an issue (37, 38). 
Figure 5A presents a classical Miura-ori tes- 
sellation pattern (39) in which “mountain” 
and “valley” creases have been programmed 
using Gaussian cells. Upon inflation, the struc- 
ture self-folds to the target configuration with 
a stiffness high enough to support a relatively 
heavy load (see movie S5). Beyond origami 
structures, their excellent stiffness, robustness 
to failure, and fast actuation suggest that 
pneumatic Gaussian cells are promising for 
applications in morphing robotics (for a dis- 
cussion of performances and scalability, see 
the supplementary materials). Standard soft- 
robotics technologies generally rely on bend- 
ing actuation of grabbing beam elements (11); 
however, robotic systems could be developed 
by harnessing the surface shape morphing 
achieved with Gaussian cells. Figure 5B illus- 
trates an initially flat disk that adopts in a 
fraction of second the shape of a crater based 
on the cone transformation and traps an object 
rolling over (see movie S6, which also demon- 
strates how a ball can be guided by an active 
track). Although the presented examples are 
based on a single inlet and interconnected 
cells, more complex kinematics could be ob- 
tained by separating cells into subgroups that 
would be activated separately or by embedding 
mechanical valves between cells that could 
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provide a sequential actuation (40, 41). Final- 
ly, active surfaces may also be used to manip- 
ulate liquids. In Fig. 5C and movie S7, a long 
strip is programmed to morph into a curved 
gutter of positive Gaussian curvature (35) with 
a controlled bending direction, transferring liq- 
uid to a different container and demonstrat- 
ing the versatile capabilities of the technique. 


Toward shape-morphing robotics 


Inspired by actuating cells observed in some 
plants, we have developed powerful and versa- 
tile Gaussian cells that provide stiff, fast, and 
reversible self-morphing of thin plates. Because 
metrics and curvature can be programmed 
simultaneously, these cells provide accurate 
control of the deployed geometry, imparting 
a high degree of mechanical stability to the 
resulting structure. Moreover, the stiffness of 
the deployed shell (proportional to applied pres- 
sure) can be tuned independently of its shape 
(dictated by the local configuration), opening 
up the possibility of developing large-scale 
morphing structures. Pneumatic Gaussian cells 
combine stiffness with a high level of control 
in shape programming, holding significant 
promise for applications in which avoiding 
mechanical instabilities is crucial, but also 
for haptic devices in which both shape and 
stiffness controls are valuable output informa- 
tion for the end user. Made using standard 3D 
printing techniques with consumer-grade mate- 
rials, the resulting robust, shape-changing sur- 
faces bring the concept of material-machine 


closer to providing a large-scale and general 
commodity product. 
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Picoflare jets power the solar wind emerging from a 


coronal hole on the Sun 
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Coronal holes are areas on the Sun with open magnetic field lines. They are a source region of the solar 
wind, but how the wind emerges from coronal holes is not known. We observed a coronal hole using 
the Extreme Ultraviolet Imager on the Solar Orbiter spacecraft. We identified jets on scales of a few 
hundred kilometers, which last 20 to 100 seconds and reach speeds of ~100 kilometers per second. The 
jets are powered by magnetic reconnection and have kinetic energy in the picoflare range. They are 
intermittent but widespread within the observed coronal hole. We suggest that such picoflare jets could 
produce enough high-temperature plasma to sustain the solar wind and that the wind emerges from 
coronal holes as a highly intermittent outflow at small scales. 


ot plasma continuously escapes the Sun 
into the heliosphere, forming the solar 
wind (/, 2). Fast solar wind streams 
(those with speeds >500 km s~') have 
been traced to large (mostly polar) cor- 
onal holes—features formed by open magnetic 
fields on the Sun that appear dark in coronal 
images taken at extreme ultraviolet (EUV) or 
x-ray wavelengths (3-5). Small coronal holes 
that form adjacent to active regions (areas on 
the Sun with strong magnetic fields, includ- 
ing sunspots) could be the source regions of 
slower wind, with speeds <500 km s_’ (6, 7). 
The physical origin and acceleration mech- 
anism of solar wind from coronal holes are de- 
bated (5, 8, 9). Potential drivers include wave 
dissipation and turbulent cascades (10-12) or 
interchange reconnection between open and 
closed magnetic field lines at the coronal base 
(13-15). Jets with temperatures of ~0.1 MK 
emerge from the transition region network at 
the base of the corona (network jets), which 
are common in coronal hole regions, and 
could sustain the solar wind (16). Coronal 
counterparts to network jets are rare (/7, 18), 
so it is unclear whether the cooler network 
jets can efficiently supply hot plasma to drive 
the solar wind. 
Previous EUV imaging has shown signa- 
tures of jet outflows from plumes (bright ray- 
like features embedded in coronal holes) and 
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the ambient, interplume coronal hole regions 
(19, 20). EUV images, with spatial resolution of 
~1000 km, have shown that plumes have sub- 
structures consisting of jets with widths as 
small as 1500 km (21-23). These jets appear to 
be universal in the corona: They emerge from 
coronal hole plumes, from quiet regions and 
from active regions of the Sun’s atmosphere 
(24). Jets from plumes could sustain the solar 
wind mass flux during the minimum of the 
11-year solar activity cycle and up to 60% of the 
mass flux during times of maximum activity 
(23). Because plumes fill only 10% of a coronal 
hole’s volume (25), the bulk of the wind might 
originate in interplume regions (26-28). How- 
ever, the spatial structure and timescales of 
interplume outflows are not known. 

The solar wind emerging from coronal holes 
connects the Sun to the heliosphere. Space- 
craft measurements in the inner heliosphere 
have been interpreted as showing that rever- 
sals of the radial magnetic field (known as 
switchbacks) in the solar wind are modulated 
on spatial scales as small as 1 Mm (the typical 
convective granular scale of the photosphere) 
at the base of the Sun’s corona (29). However, 
EUV imaging has not been available with sub- 
granular resolution (<1 Mm), which is neces- 
sary to investigate this proposal. 


EUV observations of a coronal hole 


We observed a coronal hole using the EUV high- 
resolution imager (HRI guy), which is part of 
the Extreme Ultraviolet Imager (EUD (30) in- 
strument on the Solar Orbiter spacecraft (37). 
The passband of HRI guy is centered at 17.4 nm, 
with its thermal response function peaking 
at temperatures of ~1 MK because of emis- 
sion lines of Fe 1x (at 17.11 nm) and Fe x (at 
17.45 and 17.72 nm). 

The coronal hole was located close to the 
Sun’s south pole. The data were obtained on 
30 March 2022 between 04:30 and 05:00 uni- 
versal time (UT) as part of an observing cam- 
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paign performed around perihelion (the cl« chee 


pdz 


approach of the spacecraft to the Sun). The 
ages have a spatial resolution of ~237 km on 
the Sun and a cadence of 3 s (32). 

We split the coronal hole into three regions 
(labeled R1 to R3 in Fig. 1A) to investigate the 
small-scale coronal dynamics. Regions R1 and 
R3 are darker portions of the coronal hole 
with a few embedded brighter emission struc- 
tures, known as coronal bright points, where- 
as R2 is an isolated plume within the coronal 
hole. 


Y-shaped transient jets 


We identify a Y-shaped jet with a base extent 
of ~5 Mm (between boxes R1-2 and R1-4 in 
Fig. 1B). Jets with such Y-shaped morphology 
are common in coronal holes (33). We focus on 
smaller jets, on spatial scales of <1 Mm, 
emerging from the ambient coronal hole. We 
visually identified 10 such small-scale jets 
within R1 (Fig. 1, C to L). Some of these jets 
show a full or partial Y-shaped morphology 
Gets 1, 2, 3, 6, 7, 8, and 10), whereas others 
show a much simpler linear morphology (jets 
4, 5, and 9). It is possible that all are intrin- 
sically Y shaped, but the Y-shaped structure is 
not visible in some cases because of the view- 
ing angle, which could lead to both legs of the 
jet being aligned with the line of sight. All of 
these jets have fine-scale structure down to the 
spatial resolution of our images. 

These small jets exhibit intensity enhance- 
ments, over the background emission from the 
coronal hole. Figure 2 shows light curves of 
three example jets in region R1. For each of 
these, we selected two spatial points along the 
path of the jet to study the intensity variations 
(fig. S1). The intensity enhancements (de- 
fined as the amplitude of intensity fluctua- 
tions compared with the local background) 
are in the range of 100 to 300 digital num- 
bers (DN) per pixel (equivalent to counts of 
~15 to 44 photons per pixel; for comparison, 
coronal bright points in our observations are 
~500 photons per pixel). Depending on the 
number of pixels used for spatial averaging 
of the signal, peak intensities of all these jets 
(above the background average intensity) are 
at least three times the local background photon 
noise (32). 

The observed intensity fluctuations vary on 
timescales of 20 to 60 s (Fig. 2). Features as- 
sociated with an intense jet base (Fig. 1, E to 
H) at least partially persist for longer time- 
scales of 300 to 600 s but also exhibit intensity 
fluctuations on shorter timescales of 100 s. We 
estimate that the jet speeds are ~100 km s“, 
with the speeds of different jets varying by a 
factor of 2 (Fig. 2, D to F) (32). These differ- 
ences in measured jet speeds could be a result 
of projection effects. We observed repeated jet 
activity in these regions and visually counted 
a total of 38 small jets from the 10 locations 
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Fig. 1. EUV images of jets from a coronal hole. All images are displayed on a 
negative color scale (i.e., black is bright). Each panel shows data with a 15-s effective 
cadence (32), and south is roughly downward. (A) An overview HRleyy image of a 
south polar coronal hole recorded on 30 March 2022 around 04:38 UT. The field of view 
is ~243 Mm x 243 Mm. Solid boxes labeled R1 to R3 outline regions of the coronal hole 
discussed in the text. Dashed boxes labeled Rl-a, Rl-b, Rl-c, and R3-a 

are interplume regions. The solid curve indicates the position of the Sun's limb. 


labeled in Fig. 1 over the course of 30 min of 
observations. We also identified 29 additional 
small-scale jets in the wider coronal hole re- 
gion (movie S1). 


Plume-related jets 


Chitta et al., Science 381, 867-872 (2023) 25 August 2023 


The emission from region R2 (Fig. 1A) is en- 
hanced over the immediate surroundings, 
which suggests that it is a coronal hole plume. 
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(B) Zoomed-in view of R1 from (A) on the same brightness scale. Boxes labeled 
R1-1 to R1-10, each ~6 Mm x 6 Mm, indicate locations within the coronal hole 
where we identified small-scale jet activity. The arrow points to an ~5-Mm-scale- 
larger Y-shaped jet. An animated version of this panel is shown in movie S1. 
(C to L) Closer views of the boxes in (B) on a logarithmic brightness scale. 
White lines indicate locations where the width of each jet w was measured; 
its value is shown at the bottom of each panel (also listed in table S1). 


We observed clusters of small jets emerging 
throughout the associated plume region (Fig. 
3). These plume jets do not have the Y-shaped 
morphology of the jets discussed above. 
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Previous lower-resolution EUV observations 
have shown that outflows from plumes are 
structured in the form of jets (27) and that the 
outflows are quasiperiodic in nature, with 
speeds of ~100 km s“ (19, 23). Our higher- 
resolution HRI guy observations show even 
smaller jets, with cross-sectional widths close 
to the spatial resolution limit of ~200 km (a 
very thin jet is shown in Fig. 3H). We observe 
at least 30 such jets from the plume (movie S2). 


Faint interplume emission and jets 


Although both the interplume Y-shaped jets 
and the plume jets are spatially discrete, we 
found that there is a more widespread emis- 
sion that is faint yet above the background 
level. This fainter emission, with veil-like mor- 
phology, exhibits apparent outward propaga- 
tion throughout the coronal hole (fig. S3 and 
movies S3 and S4). The fainter emission also 
originates from the interplume regions; we 
designate four examples as R1-a, R1-b, R1-c, 
and R3-a (Fig. 1A). These regions of fainter 
emission are partially obscured by the fore- 
ground emission in R1, but the source region in 
R3 is unobscured. 

This fainter, veil-like emission is also spa- 
tially structured. There are outflows apparently 
emerging from the identified source regions 
in the form of small-scale jets. Figure 4 shows 
three example jets from three of the identi- 
fied interplume sources. Compared with the 
Y-shaped jets in Fig. 1, these interplume jets 
are even fainter; however, they are still at 
least three times the local background pho- 
ton noise above the background mean in- 
tensities. These fainter jets exhibit intensity 
enhancements of ~50 DN per pixel over the 
local background (Fig. 4 and fig. S2). These 
interplume jets have similar morphology to 
that of the plume counterparts, and their cross- 
sectional widths are close to the resolution 
limit of the images. Interplume jets also ap- 
pear in clusters on larger scales—>10 Mm— 
similar to plume jets. They are associated with 
intensity propagations; although we cannot 
determine these jet speeds because of noise, 
we constrain them to be supersonic outflows 
>100 km s7 (32). 


Magnetic origins of the jets 


The high speeds, short timescales, and narrow 
widths of the observed jets indicate that they 
are driven by a variable energy source located at 
the coronal base, on spatial scales of < 100 km. 
Y-shaped jets (Fig. 1) are already known to be 
driven by reconnection of open and closed mag- 
netic field lines (34-36). The base width of 
<1 Mm indicates that the observed small, 
Y-shaped jets are associated with the emergence 
or cancellation of granular-scale magnetic fea- 
tures (37). Although the plume and fainter inter- 
plume jets we observed on the solar disc do not 
have Y-shaped morphology, similar features ob- 
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Fig. 2. Temporal variability in three example small-scale jets. (A to C) Same EUV images as Fig. 1, C, F, 
and G, respectively. The red and blue squares mark locations along each jet, separated by a plane-of-sky distance 
d listed in the top right of each panel. (D to F) Data points are average intensities within the corresponding red 
and blue boxes in (A) to (C) as a function of time, with a cadence of 3 s. Error bars indicate lo uncertainties 
because of photon Poisson (shot) noise (32). The red and blue solid curves are Gaussian models fitted to 

the observed intensities. The separation between the centroids of the two Gaussian peaks At and the speed 
v = d/At (with their standard errors) are listed in each panel (also listed in table S2). 


served on the Sun’s limb do have morphologies 
consistent with the magnetic topology of in- 
terchange reconnection between open and closed 
magnetic domains (figs. S4 to S6 and movies S5 
to S9). We therefore suggest that all the jets we 
observed are transiently driven by reconnection. 

Previous observations have shown that the 
Ne vi emission line, which samples transition 
region and coronal plasma with temperatures 
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of ~0.63 MK and above, has systematic blue- 
shifts indicating upward flows of ~10 km s+ 
in coronal holes (73, 38). The outflow speeds 
in interplume regions can be up to 70 kms * 
(27, 28). The small-scale jets that we observed 
could be the ~1-MK counterparts of the cor- 
onal hole outflows previously inferred through 
spectroscopy at lower spatial resolution. The 
high-speed jets driven by reconnection in our 
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Fig. 3. Jets from plumes. (A to H) The panels all show region R2 from Fig. 1A but for different times (labeled on each image) with an effective cadence of 15 s (32). 
Small-scale jet activity is indicated by green arrows. White lines indicate locations where the cross-sectional width w of each jet was measured, with the results listed 
in each panel (also listed in table S3). The solid curve marks the solar limb. An animated version of this figure is shown in movie S2. 


observations propagate outward and could 
channel some, if not all, of the material con- 
tained within the jets along the open magnetic 
field lines of the coronal hole, powering the 
solar wind. 
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We do not observe any signatures of downward 
flows in the jets. If they exist, they could be too 
weak to be detectable in our observations, or they 
might contain plasma at different temperatures 
to which the HRI guy instrument is not sensitive. 
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Jet energetics 

Assuming that the apparent outflows we 
detected are mass motions, we estimate a 
lower limit on the kinetic energy flux of 
> 10° erg cm~? s~! (32). This is probably an 
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Fig. 4. High-speed faint jets from interplume regions. (A to F) Same as Fig. 2 but for the boxes labeled 
R1-b, Rl-c, and R3-a in Fig. 1A. Cross-sectional width w of each jet was measured by averaging the intensity 
across the white strip, with the results listed in each panel. The images in (A) to (C) have an effective cadence of 


30 s. The average intensities in (D) to (F) have a caden 


underestimate because of line-of-sight effects. 
Increasing the jet speed by a factor of 2 to 
4 would increase the kinetic energy flux of 
a given jet by nearly one to two orders of 
magnitude. 

Our estimate of the kinetic energy flux in 
these jets is similar to the minimum nonradia- 
tive energy input required to power magnetic- 
ally open coronal regions (39). The narrowest 
jets we observed have cross-sectional widths 
of only a few pixels, corresponding to diame- 
ters of <237 km, assuming a cylindrical shape. 
The observed intensity fluctuations are on 
timescales of 20 to 100 s. If we take that to be 
the lifetime of the jet and combine it with the 
derived kinetic energy flux, we infer that the 
lower limit for the kinetic energy content of 


Chitta et al., Science 381, 867-872 (2023) 


ce of 3 s (32). Jet parameters are listed in table S4. 


a single narrow, faint jet is > 107! erg. The 
typical energy content of a nanoflare is 10” erg 
(40), so the kinetic energy content of fainter 
interplume jets is in the picoflare range. We 
therefore refer to these features as picoflare 
jets. The Y-shaped jets (Fig. 1) and the plume 
jets (Fig. 3), which are somewhat brighter, 
presumably carry more kinetic energy. 
Plasma outflows from picoflare jets, chan- 
neled along the open magnetic field lines of 
coronal holes, could contribute to the mass 
flux of the solar wind. We estimate the total 
mass-loss rate m of the observed jets as m = 
4nR?, pofcuf, Where Ro = 695 Mm is the ra- 
dius of the Sun, p = 3.34 x 107"° g cm”? is the 
jet mass density, v = 100 km s ‘is the jet speed 
(32), for = 0.1 is the fractional area coverage of 
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coronal holes on the Sun (42), and jf, is the 
filling factor of picoflare jets. During periods of 
high solar activity, upward flows from the edges 
of active regions could also contribute to the 
solar wind mass flux (42-45). If picoflare jets 
account for the wind mass flux of ~10 gs 
throughout the solar cycle (46), their filling 
factor f, would need to be ~0.05. 

Our observations do not spatially resolve 
the smallest jets (32), especially those in the 
interplume regions that have weaker inten- 
sity enhancements and lower contrast with 
respect to the local background. Our results 
are consistent with previous EUV imaging at 
lower spatial resolution (24). The picoflare jets 
are common in our images (figs. S7 and S8), 
particularly in the interplume regions that 
cover a substantial portion of the coronal hole 
(movies S10 to S12). Above the limb, we ob- 
serve persistent jet activity that fills the plane 
of sky (fig. S9). Any fainter jets would not be 
distinguishable from the background intensity 
fluctuations in our data. 


Implications for the solar wind 


Given their frequency in our observations, 
we suggest that these picoflare jets might 
be ubiquitous. If so, those emerging from the 
interplume regions, and to a lesser extent those 
from plume regions, could provide substan- 
tial plasma and energy flux to the solar wind 
throughout the solar cycle. This is consistent 
with previous suggestions that small jets make 
a substantial contribution to the solar wind (24). 

The intermittent variability and short lifetimes 
(20 to 100 s) of the observed jets are consistent 
with the inherently ephemeral nature of mag- 
netic reconnection. Our observations are not 
sensitive to any steady component of the solar 
wind. Nevertheless, we suggest that a dynamic 
component of the solar wind emerges from 
coronal holes as an intermittent outflow at 
the coronal base, which is observed as pico- 
flare jets. 

Neighboring small-scale, high-speed outflows 
with different speeds would produce a velocity 
shear, leading to instabilities (47, 48). We sug- 
gest that this could occur in both plume and 
interplume regions (32). If picoflare jets are 
ubiquitous, these instabilities could play a role 
in the formation of structures in the solar wind, 
such as magnetic switchbacks (7). In situ space- 
craft measurements of the solar wind in the 
inner heliosphere have been interpreted as 
showing that the sources responsible for the 
large- and midscale modulation of switch- 
backs operate on spatial scales similar to the 
typical convective scales of granules and super- 
granules on the Sun (29). The narrow widths 
of the picoflare jets that we observed are com- 
patible with them having underlying source 
regions of <1 Mm, which is smaller than the 
typical granule scale (49). The larger clusters 
of picoflare jets that we observed have structure 
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on scales >10 Mm, which is close to the super- 
granule scales of 10 to 60 Mm (50). Our inter- 
pretation that the picoflare jets are driven by 
granular-scale reconnection could therefore be 
related to the mid- to large-scale modulations of 
switchbacks in the solar wind. 

The lifetimes and speeds of the picoflare jets 
are similar to those of network jets, which are 
common in the transition region (16), so the 
phenomena might be related. Our data cannot 
determine whether a hot picoflare jet (~1 MK) 
hosts plasma that has been heated from a 
cooler network jet phase or whether there are 
two populations of jets present simultaneously 
(colder network jets and hotter coronal pico- 
flare jets). We suggest that picoflare jets could 
supply heated material to the solar wind as 
could the transition region jets if their energy 
is dissipated (16). 
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Action needed to make carbon offsets from forest 
conservation work for climate change mitigation 


Thales A. P. West!2*, Sven Wunder*, Erin O. Sills°, Jan Bérner®”, Sami W. Rifai®, 
Alexandra N. Neidermeier’, Gabriel P. Frey®, Andreas Kontoleon?? 


Carbon offsets from voluntary avoided-deforestation projects are generated on the basis of performance in 
relation to ex ante deforestation baselines. We examined the effects of 26 such project sites in six countries on 
three continents using synthetic control methods for causal inference. We found that most projects have 

not significantly reduced deforestation. For projects that did, reductions were substantially lower than claimed. 
This reflects differences between the project ex ante baselines and ex post counterfactuals according to 
observed deforestation in control areas. Methodologies used to construct deforestation baselines for carbon 
offset interventions need urgent revisions to correctly attribute reduced deforestation to the projects, thus 
maintaining both incentives for forest conservation and the integrity of global carbon accounting. 


or nearly two decades, the performance- 

based payment mechanism for reduced 

carbon emissions from deforestation and 

forest degradation known as REDD+ has 

been under intense debate (7). Although 
regulations and capacity for national REDD+ 
programs are still under development (2, 3), many 
standalone, voluntary REDD+ projects are op- 
erational worldwide (4). These projects intend to 
conserve forests through many activities, such as 
improved monitoring and enforcement, promo- 
tion of sustainable practices, and local stakeholder 
engagement, often funded by the commercial- 
ization of carbon offsets [each corresponding to 
1 Mg of carbon dioxide (CO,) either removed from 
or not emitted into the atmosphere]. In 2021, 
two-thirds of the 227.7 million offsets from the 
land-use sector (excluding agriculture) traded 
in carbon markets, with a total value of USD 
$1.3 billion, originated from REDD+ projects (5). 


Numerous policy discussions and initiatives 
focus on how to scale and integrate the carbon- 
emission reductions claimed by voluntary carbon- 
offset projects, particularly from REDD+ activities, 
into climate policies and Nationally Determined 
Contributions (NDCs) reported to the United 
Nations Framework Convention on Climate 
Change (3, 6-8). However, there is little rigorous 
evidence on the contributions of these projects 
(9, 10), with some studies suggesting that many 
are associated with little or no actual emission 
reductions (JI-17). 

Carbon offsets from REDD+ projects are is- 
sued on the basis of comparison between the 
observed forest cover in the project areas and 
deforestation baseline scenarios expected to 
have been realized in the absence of REDD+, 
which are de facto unobservable (3, 17). Many 
project baselines are formed through the ex- 
trapolation of historical deforestation aver- 


cue 


ages or trends, often spatially projected oy ie 
reference region that encompasses the pr¢,--- 
sites (17). These crediting baselines may be- 
come unrealistic counterfactuals with exten- 
sive changes in economic or political conditions 
known to affect deforestation rates (18), com- 
bined with questionable modeling decisions 
underlying the spatial projections (19, 20). Base- 
lines could also be opportunistically inflated by 
profiteers seeking to maximize the volume of 
offsets issued by a project (27). As a result, carbon 
offsets may lack “additionality’—they may not 
reflect actual emission reductions (22). 

This study provides a pantropical comparison 
between ex post deforestation counterfactuals, 
informed by observable control areas, and 
the ex ante baselines adopted by 27 voluntary 
REDD+ projects in six tropical countries: Peru, 
Colombia, Democratic Republic of Congo (DRC), 
Tanzania, Zambia, and Cambodia (Fig. 1, figs. 


S1 and 82, and tables S1 and S2) certified un- - 


der the Verified Carbon Standard (23). Because 
some projects are composed of multiple dis- 
connected sites, we evaluated those individually, 
increasing our sample to 31 project sites. We 
present both project-specific and cross-project 
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Fig. 1. Voluntary REDD+ project sites included in the study. (A) Peru and Colombia. (B) Democratic Republic of Congo (DRC), Tanzania, and Zambia. 
(C) Cambodia. Study areas are indicated in red. Purple areas are the sites excluded from the analysis. 
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analyses based, respectively, on the standard 
and generalized versions of the synthetic con- 
trol (SC) method for causal inference (24, 25) 
that estimate the reductions in deforestation 
in project sites attributable to the REDD+ 
interventions. 

The SCs are constructed to be based on con- 
trol areas (“donors”), selected from project- 
specific donor pools, which had similar levels 
of forest cover and other characteristics (table 
$2) and were exposed to similar levels of de- 
forestation pressure (as determined by com- 
paring the average annual deforestation in the 
projects’ and donors’ 1-km and 10-km buffer 
zones before the project implementation). The 
SC method selects and constructs a weighted 
combination of control areas that has similar 
characteristics as those of the REDD+ site 
and follows a similar historical trajectory of 
deforestation (supplementary materials). Before 
interpreting individual project results, we con- 
ducted project-specific “validation” tests to check 
whether the standard SC method (24) was able 
to construct SCs with deforestation rates similar 
to that of project areas during the immediate 
preproject period (17). Conservatively, we focus 
the discussion of our results on projects with 
SCs that performed well in the validation test 
(fig. S5 and table S3). 

Average impacts were estimated with the 
generalized SC (GSC) method (25) on the basis 
of two independent sets of control areas. Fur- 
thermore, to address the concern that the se- 
lected control areas may not represent potential 
counterfactuals for REDD+ project sites, we also 
estimated average project impacts through 
comparison of operational project sites with 
“yet-to-become” project areas throughout the 
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study period using matching-based methods 
for time-series cross-sectional analyses (26). 
Because the evaluated projects span multiple 
countries and contexts, our analyses shed light 
on the robustness of the assumptions adopted 
for the construction of REDD+ baselines under a 
wide range of deforestation conditions (fig. S2). 


Individual REDD+ project impacts 


The individual SC analyses show mixed im- 
pacts of the voluntary REDD+ projects on de- 
forestation. Results from the validation tests 
suggest that the SC method could replicate 
pre-REDD+ deforestation trends in the “to-be” 
project sites (fig. S6 and table S3). We discarded 
only one project (1775-1) from the analyses be- 
cause of the poor fit between the deforestation 
in the SC and the REDD+ site before project 
implementation in our validation test. Four 
other projects (985, 1360-1, 1389, and 1748) 
were also discarded out of an abundance of 
caution because despite the agreement in pre- 
project deforestation between the SCs and the 
REDD+ sites, their buffer deforestation rates 
suggested substantially different levels of de- 
forestation pressure. Our final sample was 
thus reduced to 26 project sites. 

Eight of the remaining 26 project sites showed 
some evidence of additional reductions in de- 
forestation compared with their individual SCs 
(figs. S7 and S8), although generally not to the 
extent claimed by the projects based on their 
ex ante crediting baselines. Additionality was 
most likely in Peru, where half of the REDD+ 
sites had significantly less deforestation than 
that of the ex post counterfactuals, with statis- 
tical significance judged by means of placebo 
tests. Three of the seven Colombian project 
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Fig. 2. Estimated average impacts of REDD+ projects in Peru, Colombia, and Africa on annual 
deforestation. Averages are based on the GSC method and the donor pool of control areas selected for the 
individual project's SCs. (Top) The average treatment effect on the treated (ATT) project sites. (Bottom) 
Projects’ (solid red line) and counterfactuals’ (dashed blue line) deforestation averages. Shaded red areas 
indicate bootstrapped 95% confidence intervals around the projects’ deforestation average. 
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sites and one of two Cambodian sites achieved 
significant deforestation reductions according 
to the SCs and placebo tests. No evidence of 
avoided deforestation was found for the REDD+ 
sites in the DRC, Tanzania, and Zambia with 
regard to their counterfactuals. 


Average REDD+ project impacts 


Average project impacts on deforestation [av- 
erage treatment effects on the treated (ATT)] 
in Peru, Colombia, and Africa (DRC, Tanzania, 
and Zambia) were estimated with the GSC 
method (Fig. 2, top). Cambodian projects were 
excluded from this analysis because of the lim- 
ited sample size. Unlike the individual project 
evaluations, the GSC analyses were based ex- 
clusively on annual deforestation rates and 
time-variant covariates. The GSC analyses 
were based on two independent sets of se- 
lected control areas for each region: In the 
first set, only the donors selected for the con- 
struction of the individual SCs were consi- 
dered, whereas in the second set, controls 
were selected through cardinality matching 
(27), independent of the SC analyses. Our con- 
clusions are robust to all of these method- 
ological variations. 

For the first set of controls, the average im- 
pact of the Peruvian projects on forest loss over 
10 years was —0.24% or avoided deforestation 
of 686 ha year’ (table $7). This effect was sta- 
tistically significant in the first 4 years of project 
implementation (Fig. 2, bottom). An ATT of 
—0.14% or 414 ha year * (table S8) was found for 
the African projects, whereas a smaller effect 
was associated with the Colombian projects 
(-0.03% or 49 ha year“) (table S9). Neither the 
estimates for the Colombian nor the African 
groups of projects were statistically significant. 
Even assuming the estimated average reduc- 
tions in deforestation to be significant in all 
three regions (a plausible assumption given 
our small sample sizes), they would still be 
substantially lower than avoided deforestation 
calculated from the average ex ante baseline 
deforestation rates adopted by the projects in 
Peru (3661 ha year), Colombia (2550 ha year”), 
and Africa (2700 ha year") through 2020. 

These results are robust to using control 
areas selected through cardinality matching. 
On the basis of our second control set, we es- 
timated ATTs of the Peruvian, Colombian, and 
African REDD+ sites as —0.42% (1266 ha) year‘, 
—0.01% (30 ha) year 7, and —0.21% (423 ha) year’, 
respectively (fig. S10, top, and tables S10 to 
$12). Again, only the estimate for the Peruvian 
projects was statistically significant, and only 
in the first 4 years of project implementation 
(fig. S10, bottom). Although the estimated 
impacts in Peru were —0.18 percentage points 
larger as compared with the first control set, 
the translated absolute average reduction 
still represents just one-third of the average 
reductions claimed by the Peruvian projects. 
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Fig. 3. Cumulative deforestation from the baseline scenarios adopted by the REDD+ projects versus observed cumulative deforestation in the SCs. Orange, REDD+ 
projects; SCs, blue. Shaded blue areas are possibility intervals. Dotted red lines indicate the observed cumulative deforestation in the project sites. Dashed black lines indicate the 
project implementation year. Asterisks indicate a significant reduction in deforestation in the REDD+ site compared with the SC based on placebo tests (scales differ). 


Last, results from the analysis of already op- 
erational versus “to-become” project sites cor- 
roborate the findings from the GSC analyses. 
The average REDD+ impacts on deforestation 
ranged from —0.01% to 0.12% year‘ (or -113 to 
121 ha year’), across different model specifi- 
cations, but the estimates were not significant 
in any of the regions (fig. S14). 


Carbon-offset implications 


We investigated the implications of our findings 
for the environmental integrity of the credits 
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issued by the REDD+ projects. These impli- 
cations are based on the 18 out of 26 projects 
with sufficient publicly available information 
about baseline deforestation rates (Fig. 3 and 
tables S5 and S6). Only one project baseline 
was lower than its SC (project 958), and only one 
project baseline was similar to its SC (project 
1325). All other ex ante baselines posited more 
deforestation than estimated ex post accord- 
ing to SCs. According to the projects’ ex ante 
estimates, up to 89 million carbon offsets could 
potentially have been generated by these 18 
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REDD+ projects through 2020. Yet 60.2 million 
of these offsets (68%) would have originated from 
projects that have not significantly reduced 
deforestation (and carbon emissions) compared 
with their SCs. The remaining 28.8 million off- 
sets (32%) would have originated from projects 
likely associated with some avoided defores- 
tation, but not to the extent expected by the 
project developers. If we replace the ex ante 
baselines adopted by the projects with the de- 
forestation observed in the SCs, our estimates 
suggest that only 5.4 million (6.1%) of the 
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89 million expected offsets from the REDD+ 
projects would be associated with additional 
carbon emission reductions. 

As of November 2021, those 18 REDD+ projects 
had issued 62 million carbon-offset credits 
(table S4). Out of those, at least 14.6 million 
(24%) have already been used by individuals 
or organizations around the world to offset 
their greenhouse gas emissions. Thus, accord- 
ing to our SC-based estimates, these projects 
have already been used to offset almost three 
times more carbon emissions than their actual 
contributions to climate change mitigation— 
with another 47.4 million carbon offsets being 
readily available in the market. 


Discussion 


Overall, the weight of evidence suggests that 
the voluntary REDD+ projects in our sample 
across six tropical countries achieved much less 
avoided deforestation than forecast by project 
developers. Only a minority of projects achieved 
statistically significant reductions in compar- 
ison with ex post counterfactuals. Our findings 
corroborate prior studies that questioned the 
additionality, and thus environmental integ- 
rity, of carbon-offset interventions (17-17). Ex 
ante baselines that exaggerate the deforesta- 
tion that would occur without REDD+, likely 
facilitated by methodological flexibility in their 
construction and exacerbated by adverse site 
selection (/4), are a major reason for the gap 
between offsets projected ex ante and actual 
offsets estimated ex post. Poor performance by 
the REDD+ projects (failure to de facto reduce 
deforestation) may also be a factor (21, 28). 

In an evaluation of voluntary REDD+ projects 
in the Brazilian Amazon, West et al. (17) pointed 
to the potential confounding effect created by 
Brazil’s post-2004 policy interventions to con- 
trol deforestation, triggering a widespread re- 
duction in forest loss between 2004 and 2012 
(29). As a result, the high regional deforestation 
rates observed before 2004, used to inform the 
Brazilian project ex ante baselines, likely led to 
an overestimation of the projects’ performance. 
Yet unlike Brazil, the six countries in this study 
did not experience a similar nationwide reduc- 
tion in deforestation after the REDD+ projects 
were implemented (fig. S3). Hence, the un- 
realistic ex ante baselines adopted by many 
projects likely resulted from the use of meth- 
odologies that systematically fail to produce 
credible counterfactuals for the REDD+ in- 
terventions, compromising the evaluation of 
the projects’ effect on mitigating deforestation 
and thus carbon emissions. This may be due to 
potentially four complementary reasons: poor 
foresight, adverse site selection, limited room 
for adjustments over time, and “gaming.” First, 
projects may have (unintentionally) overesti- 
mated future deforestation pressures by follow- 
ing baseline methodologies that heavily rely 
on the continuation of historical trends that 
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no longer represent current conditions, often 
combined with problematic spatial deforesta- 
tion projections (19, 30). Second, projects may 
have been preferentially sited where conditions 
are conducive to reducing deforestation and 
therefore where deforestation may have been 
lower than suggested by ex ante baselines 
constructed from deforestation trends in the 
surrounding region (/4). Third, rules adopted 
by certification standards require baselines to 
be fixed for a period of usually 10 years, restrict- 
ing adjustments to reflect changes in defores- 
tation drivers over time (23). Last, flexibility in 
baseline methodologies may have been oppor- 
tunistically exploited to maximize revenues 
from offset sales. 

By contrast, both standard and generalized 
SC methods use pre-REDD+ information to 
identify control areas but use contemporane- 
ous ex post information on deforestation in the 
project and control areas to measure addition- 
ality. Following well-accepted guidelines for 
rigorous impact evaluation (31), if properly 
selected, such ex post counterfactuals can cap- 
ture the effects of contemporaneous changes in 
deforestation drivers and thus are less likely to 
generate effect estimates confounded by ex- 
ternal factors (10, 17). REDD+ projects adopting 
a similar dynamic approach would likely reduce 
the additionality problems with project ex ante 
baselines and offsets identified in this study. 

Despite the clear advantages (from a causal 
inference perspective) of using ex post methods 
such as SCs to construct deforestation base- 
lines for REDD+ interventions, some imple- 
mentation and monitoring challenges would 
likely arise from their adoption. First, given 
the biophysical heterogeneity of tropical re- 
gions, and limited data, ideal control areas for 
the project sites may not always exist or be 
possible to identify (supplementary materials, 
appendix A). Second, those control areas could 
be manipulated (for example, intentionally de- 
graded or conserved) to misleadingly improve 
or reduce estimated project performance. Third, 
dynamic baselines may still fail to account 
for all relevant determinants of deforestation 
owing to data constraints. Last, long-lasting vol- 
untary REDD+ projects may eventually outlive 
their SCs as new interventions or other regime 
shifts occur in control sites. 

One alternative would be to require projects 
to adopt transparent ex ante jurisdictional 
baselines that are preestablished by govern- 
ment agencies. Although these baselines might 
still fall short at demonstrating causal links 
and thus additionality, they could be both more 
transparent and updated more frequently than 
individual project baselines to reflect emerg- 
ing deforestation pressures and spatial pat- 
terns. Reductions in deforestation relative to 
jurisdictional baselines would still have to be 
correctly attributed to either government ef- 
forts to control forest loss or to private REDD+ 
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interventions (J0), in addition to changes in 
external deforestation drivers (such as agricul- 
tural commodity prices). Transferring the re- 
sponsibility of baseline construction from project 
developers to jurisdictions could reduce the 
room for “baseline gaming,” although the risk 
of adverse site selection could remain (74). On 
balance, nesting voluntary projects into sub- 
national jurisdictions appears to be a promis- 
ing future pathway for REDD+, a practice that 
is gaining traction globally (6). However, the 
specifics of implementation are crucial and 
require careful consideration. 

Another possible explanation for limited ad- 
ditionality is poor performance by the projects. 
This would be likely if projects were failing to 
control deforestation in project areas. We ob- 
served generally low deforestation rates in 
project areas, but we cannot compare that with 
the projects’ targeted deforestation rates in those 
areas because those are not always reported in 
the publicly available information on projects. 
However, it is clear that some projects have 
struggled with on-the-ground implementation 
and execution of envisioned conservation ac- 
tivities; others may have promoted ineffective 
actions, whether because of funding uncertain- 
ties, slow commercialization of carbon cred- 
its, lack of experience, or poor management 
(21, 28, 32). Many projects claimed to have 
started much earlier than the year they were 
certified. Although this allows projects to is- 
sue and sell retroactive offsets immediately 
after certification (33), it also implies that they 
did not have access to carbon funding during 
their initial years, potentially compromising 
the execution of planned conservation actions. 

A recent evaluation on the effectiveness of the 
same type of REDD+ interventions reported 
significant reductions in average deforestation 
rates (34). The study, based on satellite pixel 
matching, estimated an average deforestation 
rate of 0.2% year ‘in the REDD+ sites versus 
0.4% year! for their matched control areas. 
The size of these estimates is similar to some 
of our estimates from GSC analyses; but in 
our case, they were statistically insignificant, 
potentially because of our smaller sample sizes 
compared with the pixel-based samples from 
the previous study. And from the offsetting per- 
spective, the average reductions—significant or 
not—were substantially lower than the addi- 
tional reductions in deforestation projected and 
claimed by the projects. 

Our study provides further evidence on the 
effectiveness of voluntary REDD+ projects and 
questions their de facto additionality (35). 
Only a minority of the projects significantly 
reduced deforestation in the project areas com- 
pared with the ex post counterfactuals, and 
even those, with one exemption, did not reduce 
deforestation to the extent claimed. Although 
REDD+ payments are typically conditioned on 
performance in project areas, only the offsets 
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associated with additional reductions in de- 
forestation relative to a counterfactual genu- 
inely offset emissions of potential buyers in the 
voluntary carbon markets (7, 27). Certification 
schemes are allegedly in place to safeguard 
the additionality of offsets, but our results in- 
dicate that currently used baseline method- 
ologies do not guarantee additionality. It is 
critical to develop new and rigorous methods 
for the construction of credible deforestation 
baselines for voluntary REDD+ interventions 
and to properly and regularly assess their con- 
tribution to climate change mitigation. 


Last, the evidence from this and other studies 


indicates that some voluntary projects have 
effectively reduced deforestation (34), partic- 
ularly in Peru. For REDD+ to be scaled and 
achieve its ambitious goals worldwide, it is 
paramount that we better understand the fac- 
tors that drive both mitigation performance 
and impacts on local communities. Building on 
this knowledge, academics, practitioners, and 
policy-makers must form effective partnerships 
to help REDD+ fulfill its original promise. 
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Aminodealkenylation: Ozonolysis and copper catalysis 
convert C(sp*)-C(sp*) bonds to C(sp°)-N bonds 


Zhiqi He, Jose Antonio Moreno, Manisha Swain, Jason Wu, Ohyun Kwon* 


Great efforts have been directed toward alkene x bond amination. In contrast, analogous functionalization 

of the adjacent C(sp*)-C(sp”) o bonds is much rarer. Here we report how ozonolysis and copper catalysis 
under mild reaction conditions enable alkene C(sp*)-C(sp2) o bond-rupturing cross-coupling reactions 

for the construction of new C(sp*)-N bonds. We have used this unconventional transformation for late-stage 
modification of hormones, pharmaceutical reagents, peptides, and nucleosides. Furthermore, we have 
coupled abundantly available terpenes and terpenoids with nitrogen nucleophiles to access artificial terpenoid 
alkaloids and complex chiral amines. In addition, we applied a commodity chemical, a-methylstyrene, as a 
methylation reagent to prepare methylated nucleosides directly from canonical nucleosides in one synthetic 
step. Our mechanistic investigation implicates an unusual copper ion pair cooperative process. 


he importance of aliphatic amines and 

nitrogen heterocycles is evidenced by 

their wide representation in natural prod- 

ucts, pharmaceuticals, agrochemicals, 

and other bioactive compounds (J). The 
increasing demand in medicinal research for 
more-complex three-dimensional architectures 
and optically active amines has driven efforts to 
develop diverse practical methods for C(sp®)-N 
bond construction (2, 3). Conventionally, the 
electron-rich nature of amino nitrogen atoms 
renders them strong nucleophiles that can 
attack the polarized chemical bonds of alkyl 
halides, alcohol derivatives, and carbonyls, 
thereby forging new C(sp®)-N bonds. Engag- 
ing ubiquitous and nonpolar C-C bonds in 
C(sp*)-N bond construction is an intriguing 
strategy because such transformations can 
be used to modify molecular skeletons directly 
and, thereby, access conventionally challenging 
or inaccessible aliphatic amines (4-6). Clas- 
sical methods for C-C bond amination, includ- 
ing the Lossen, Hofmann, Curtius, Beckmann, 
and Schmidt rearrangements, which typically 
rely on 1,2-migration of an alkyl or aryl group 
from carbon to nitrogen (Fig. 1A, reactions 
land 2), have demonstrated their utility in the 
syntheses of bioactive molecules and in indus- 
trial manufacturing. For example, 5.5 million 
metric tons of caprolactam, a precursor to 
nylon 6, are produced annually through the 
Beckmann rearrangement of cyclohexanone 
oxime (7). Although these classical transfor- 
mations are powerful methods for accessing 
nitrogen insertion products, the sources of the 
C-C bonds are limited mostly to ketones and 
carboxylic acids, and the sources of nitrogen 
atoms are limited to those that insert one N 
atom, leaving room for incorporation of alter- 
native, perhaps more ubiquitous, chemical 
functionalities as the sources of both the C-C 
and C-N bonds. 
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In the past 5 years, several important advances 
have sought to address those limitations in the 
sources of both the C-C bonds and nitrogen 
atoms in C-C amination. The Jiao group em- 
ployed the C-C bonds of alkylarenes, styrenes, 
and alkynylarenes in a Schmidt-type reaction, 
although the products were limited to anilines 
with new C(sp”)-N bonds, owing to the preferred 
migration of the aryl group (Fig. 1A, reaction 3) 
(8-10). Fu, Hu, MacMillan, Martin, and colleagues 
disclosed deconstructive C(sp?)-N couplings 
of carboxylic acid and ketone derivatives that 
overcame the limitation of 1,2-migration chem- 
istry, providing methods to construct C(sp?)-N 
bonds with various N-heteroarenes, amides, and 
anilines (Fig. 1A, reaction 4) (77-15). Despite 
these advances, there remains a huge scope for 
new sources of C-C bonds, beyond carbonyl com- 
pounds, for amination (16-20). In particular, 
developing methods to exploit a starting mate- 
rial’s skeletal complexity to access chiral amine 
architectures would be highly desirable. 

Alkenes are versatile functional groups that 
are abundant in natural products and indus- 
trial chemicals. In fact, C=C double bonds are 
the second most frequently encountered func- 
tional group in natural products (39.9%), ex- 
ceeding ketone (15.9%) and carboxylic acid 
(10.6%) functionalities (27). Because chiral 
centers are common within natural products, 
we surmised that the alkene moieties in nat- 
ural products might serve as ideal C-C bond 
amination precursors for constructing com- 
plex chiral amines from naturally occurring 
chiral-pool molecules. Most methods for in- 
stalling nitrogen groups to alkene motifs have 
focused on addition across the C-C x bond 
to produce peripheral amination products 
(Fig. 1B) (3). Conversely, the adjacent C(sp?)- 
C(sp”) o bonds have received less attention 
for C-N bond construction (Fig. 1C, top). We 
envisioned that a C-N bond coupling strat- 
egy involving unusual C-C bond disconnec- 
tions would constitute a distinct paradigm 
for alkyl amine synthesis, with several impli- 


cations. First, this strategy could access Sed 
ficial terpenoid alkaloids and complex cl. — 
amine architectures by embedding nitrogen 
motifs into the natural product precursors 
(Fig. 1D, top left) (22). Second, a commodity 
chemical, a-methylstyrene, could be applied as 
an N-methylation reagent (Fig. 1D, top right; 
for comparison with other N-methylation re- 
agents, see section 4.5 of the supplementary 
materials) (23). Third, such a tool could facil- 
itate the generation of useful value-added com- 
pounds that have been challenging to form or 
inaccessible from readily available starting 
materials. One such example is (1R,2R,5R)- 
5-amino-2-methylcyclohexan-1-ol hydrogen 
chloride, a precursor of a c-Jun N-terminal 
kinase (JNK) inhibitor. The considerable step 
economy and cost savings from previous ap- 
proaches indicate the potential utility of this 
C(sp*)-C(sp”) amination strategy in bioactive 
reagent synthesis (Fig. 1D, bottom) (24). 

To accomplish the conversion of alkene C(sp*)- 
C(sp”) o bonds to C(sp*)-N bonds, we had to 
address a fundamental challenge: cleavage of 
a stronger alkene C(sp*)-C(sp”) o bond [bond 
dissociation energy (BDE) = 102 kcal/mol for 
propene] preferably over an aliphatic alkyl 
C(sp*)-C(sp”) o bond (90 kcal/mol in ethane) 
(25). To realize this, our strategy engaged 
ozone, widely applied in several industries, 
to activate alkenes and facilitate their C(sp”)- 
C(sp”) o bond cleavages (26, 27). Ozonolysis 
of alkenes in alcoholic solvents affords o- 
alkoxyhydroperoxides via the Criegee inter- 
mediate (28). The weakness of the O-O bond 
(44 to 46 kcal/mol for alkyl hydroperoxides) 
of an o-alkoxyhydroperoxide can serve as the 
energetic driving force to promote fragmenta- 
tion of the robust C-C bond. Previously, we had 
used Fe(II) salts as single-electron reducing 
agents to instigate O-O scission. The resulting 
a-alkoxyalkoxyl radical undergoes f-scission to 
release an alkyl radical that can be captured by 
organic radicophiles to provide the function- 
alization products of seemingly inert C(sp”)- 
C(sp”) o bonds (Fig. 1C, bottom) (29-31). C 

Copper is a redox-active metal that has been 
used for single-electron reduction of peroxide 
intermediates in both biological processes and 
synthetic chemistry (32). Recent studies have 
demonstrated that copper catalysts are effi- 
cient at trapping alkyl radicals to afford C(sp*)- 
N bonds as reductive elimination products 
(12, 13, 33-36). We envisioned sequential 
reduction of the hydroperoxide intermediate 
by a copper(I) amido complex and trapping of 
the resultant alkyl radical by the copper(II) 
center to induce reductive elimination and, 
thereby, form the C(sp”)-N bond in an overall 
redox-neutral process (Fig. 1C, bottom). 


Reaction development 


To implement our design, we investigated the 
impact of the copper salt, ligand, and solvent. 
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A Classical C-C bond amination 


B Alkene C=C bond amination 
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Fig. 1. Concept and development of dealkenylative C(sp*)-N bond coupling. (A) Classic strategies in C(sp*)-N bond construction from carbonyl compounds and 
recent advances. (B) C(sp*)-N formation from alkene x bonds. (C) C(sp?)-N formation from alkene o bonds. (D) Applications of dealkenylative C(sp?)-N bond 
coupling. SET, single-electron transfer; cat, catalysis; AcO, acetoxy; Me, methyl; tBu, tert-butyl; Boc, tert-butoxycarbonyl. 


We discovered that the aminodealkenylation 
could be performed efficiently under mild re- 
action conditions when using CuCl (20 mol %) 
and 1,10-phenathroline (20 mol %) in aceto- 
nitrile (MeCN) at room temperature (see the 
supplementary materials for details). After 
determining the reaction conditions, we as- 
sessed a diverse array of nitrogen nucleo- 
philes for dealkenylative C-N coupling with 
(-)-isopulegol as the model alkene substrate (Fig. 
2). Our protocol could be used to install func- 


tionalized indoles (1 to 7) into (-)-isopulegol 
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in high yields, producing enantiomerically pure 
indole derivatives that are promising scaffolds for 
drug development (37). Two indole-based nat- 
ural products, the sleep hormone melatonin (6) 
and a protected form of the amino acid tryptophan 
(7), were alkylated in high yields with exclusive 
regioselectivity in the presence of secondary 
amide N-H bonds. Other pharmaceutically im- 
portant substituted heterocyclic compounds, 
including azaindoles (8 to 10), indazoles (11 
and 12), carbazole (13), pyrazoles (14 and 15), 
and pyrrole (16), were successfully coupled with 


(-)-isopulegol in good yields. 6-Chloro-7-iodo-7- 
deazapurine (17), a privileged scaffold in anti- 
tumor and antiviral drugs, was also a competent 
alkylation substrate. We obtained high yields 
when coupling it with phthalimide (18), and this 
process could be scaled (50 mmol) with a slightly 
decreased yield. In addition to azacycles, we 
found that 2-aminopyrimidine (19), substituted 
anilines (20 and 21), and 2-aminopyridine (22) 
also underwent the dealkenylative C-N coupling 
efficiently. Less-nucleophilic amide (23) and 


sulfonamide (24) substrates also provided their 
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Fig. 2. Substrate scope of nitrogen nucleophiles. Reactions were performed on a 0.2- to 2.0-mmol scale using 20 mol % CuCl and 20 mol % phenanthroline (Phen) 
at 23°C in MeCN. All yields are isolated yields. Absolute configurations are indicated by wedged and dashed bonds. *3 equiv of alkene was used. +30 mol % of CuCl and 
30 mol % of Phen were used. $2.5 equiv of alkene was used. §5.0 equiv of alkene was used. {The reaction was performed at 60°C. OBn, benzyloxy; Ph, phenyl. 


coupling products in good yields. Notably, aryl 
halides were unaffected under the reaction 
conditions and might be used as functional 
handles for further derivatization. 

To demonstrate the utility of this protocol in 
drug discovery, we applied our dealkenylative 
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C-N coupling strategy to the late-stage func- 
tionalization of complex bioactive molecules. 
An N-tosyl prolinamide (25) and a dexibupro- 
fen amide (26) were decorated with chiral 
2-hydroxy-4-methylcyclohexyl groups in good 
yields. Two known pharmaceuticals, the non- 


steroidal anti-inflammatory celecoxib (27) and 
the antiretroviral lamivudine (28), were also 
N-alkylated effectively. Encouraged by the ex- 
clusive alkylation of the indole nitrogen atom 
of tryptophan, we explored the potential for 
indole N-functionalization of the tryptophan 
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residue in the context of peptides featuring sev- 
eral amide N-H bonds. Both the tripeptide 29 
and an endogenous opioid neurotransmitter, 
the endomorphin precursor 30, underwent the 
site-selective C-N couplings in good yields with 
gentle heating. We also tested aliphatic amines, 
including benzylamine, dibenzylamine, and 
1-phenylpiperazine, but none of them afforded 
desired C-N coupling products. We surmise 
that aliphatic amines serve as strongly donat- 
ing ligands on copper, thereby influencing the 
coordination structures and redox potentials of 
the copper complexes 91 and 92, in turn lead- 
ing to inefficient regeneration of copper(I) spe- 
cies (see mechanistic studies and section 10.1 of 
the supplementary materials for details). 


Scope of alkenes 


Beyond (-)-isopulegol, we subjected an array 
of terpenes, terpenoids, and their derivatives 
to our deconstructive C-N coupling protocol 
to afford various artificial terpenoid alkaloids 
(Fig. 3). Most of these substrates are single 
enantiomers derived from natural products or 
are natural products themselves. (+)-Nootkatone 
and a eudesmane-type sesquiterpenoid under- 
went fragmentative C-N couplings with 
3-chloroindazole and phthalimide to give the 
products 3la and 3b or 32a and 32b, re- 
spectively, in good yields with excellent di- 
astereoselectivities. The bridged cyclic ketoester 
33 was obtained in moderate yield and dia- 
stereoselectivity from the synthetic interme- 
diate leading to (+)-seychellene. Although 
good yields could be obtained regardless of 
substrate, the diastereoselectivity varied widely, 
especially when engaging the monocyclic terpe- 
noids (-)-limonene-1,2-diol, (+)-dihydrocarvone 
ethylene glycol acetal, czs-(+)-limonene oxide, 
(+)-dihydrocarveol, (-)-perillyl alcohol oxide, 
(-)-carveol oxide, and (-)-O-benzoy] isopulegol 
(34 to 40). The observed diastereoselectivities 
are consistent with stereoselectivity trends 
commonly encountered in reactions with cy- 
clic radicals, in which the stereoselectivity of 
the addition is dictated by a combination of 
torsional and steric effects (38, 39). All of the 
diastereoisomers [except two: the diastereo- 
isomers of the minor regioisomers, 57a and 
57b, from the aminodealkenylation of (-)-B- 
pinene] were separable through silica-column 
flash chromatography—a particularly relevant 
feature for lead compound discovery because 
diastereoisomers often exhibit drastically dif- 
ferent bioactivities. Simple cyclohexyl and 
4-piperidinyl radicals worked well when ap- 
plied to the functionalization of melatonin 
(41) and tryptophan (42), respectively. We eval- 
uated substrates bearing gem-disubstituted 
olefins, beyond the isopropenyl group, in the 
reaction and found that they provided primary 
alkyl-substituted amines in a facile manner 
(43 to 47). The epoxy indazole 43 was ob- 
tained in 83% yield from a (+)-a-ionone oxide 
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derivative. A (-)-sclareol-derived alkene under- 
went smooth dealkenylative amination with 
3-chloroindazole to afford the drimane mer- 
oterpenoid derivative 44 in 61% yield. Drimane 
meroterpenoids have diverse bioactivities, 
and our protocol provides a strategy toward 
N-heterocycles substituted with these terpe- 
noid analogs (40). We used (R)-2,4-dimethylpent- 
4-en-1-ol, which can be accessed readily from 
Evans’ auxiliary (~$3/g for R- or S-enantiomer) 
and 2-methallyl chloride, to synthesize (R)-3- 
(3-chloroindazolyl)-2-methylpropanol O-acetate 
(45), a precursor of muscarinic agonists, in 
74% yield (41). Enantiopure 3-indazolyl-2- 
methylpropanols appear in 22 international 
patents and two US patents and were pre- 
pared from the corresponding (+)- and (-)-3- 
bromo-2-methyl-1-propanols (~$190/g from 
Sigma-Aldrich), which have previously been 
prepared from camphor sulfonic acids in five 
synthetic steps (42). Primary alkyl radicals 
from functionalized alkenes underwent effi- 
cient amination (46 and 47). 
Monosubstituted alkenes were also com- 
petent substrates for our Cu-catalyzed deal- 
kenylative C-N coupling (R = R’ = H); in 
contrast, these alkenes performed only mod- 
erately in Fe(II)-mediated dealkenylative rad- 
ical couplings (29). We obtained a 73% isolated 
yield of the dealkenylative C-N coupling prod- 
uct 48 from (+)-dihydromyrcenol. Monosubsti- 
tuted alkenes derived from (-)-f- citronellol 
and (+)-geraniol oxide O-acetate derivatives 
afforded the fragmented C-N coupling prod- 
ucts 49a, 49b, and 50 in good yields. 1-Decene, 
which is produced from the Ziegler process or 
through cracking in the petroleum industry, 
worked well as a substrate to generate 3-chloro- 
1-octylindazole (51) in 67% yield. We found that 
an alkyl bromide, which could serve as a radical 
precursor, was tolerated under our conditions 
to produce N-(4-bromobutyl)phthalimide (52) 
in 55% yield. We also applied our deconstruc- 
tive C-N coupling protocol to the modification 
of molecules of interest to materials science. 
The vinyl groups of chiral molecules used in 
liquid crystals were replaced by 3-chloroindazole 
in good yields (53 and 54). Another natural 
product, phytol, containing a trisubstituted 
alkene unit, underwent regioselective C(sp*)- 
C(sp”) o bond cleavage to afford the coupling 
products 55a and 55b in good yields. Com- 
pounds 55a and 55b could be considered 
azacycle analogs of vitamin E, where the ben- 
zopyran unit is substituted by chloroindazole 
and phthalimide moieties, respectively. 
Alkylidenecycloalkanes were also suitable 
substrates for the dealkenylative C-N cou- 
pling process. (-)-B-Pinene provided the syn- 
thetically valuable chiral cyclobutanes 56a 
and 57a or 56b and 57b as 1.7:1 and 2.9:1 mix- 
tures of regioisomers, respectively. In contrast, 
(+)-sabinene afforded the cyclopropane 58 as 
a single regioisomer in 78% yield. Methylene- 


adamantane (59) provided the equatorial am- 
ination product 60 exclusively. The B-amino 
acid derivative 62 was formed smoothly from the 
corresponding 4-methylenepiperidine 61. The 
copper-catalyzed amination also converted 
the trisubstituted alkene 63 into the corre- 
sponding dealkenylated C-N coupling product 
64 in 88% yield. 


Chiral primary amine synthesis and 
its application 


The ability to use aminodealkenylation to in- 
stall phthalimide units into chiral-pool mole- 
cules provided an opportunity to synthesize 
chiral primary amines (Fig. 4). For example, 
we prepared the primary amine 65 in 75% 
yield from the phytol-derived phthalimide 
55b. Chiral amino alcohols are common in 
nature, and such bioactive compounds often 
serve as auxiliaries in organic synthesis. 1,2- 


Aminocyclohexanol is an important motifin ~- 


organic synthesis and medicinal chemistry; 
we prepared its unusual 5-methylated analog 
66 in 79% yield upon hydrazine-mediated 
deprotection of the phthalimide 18. Similar- 
ly, we synthesized the aminocyclohexandiol 
67 from the opposite enantiomer of 34b 
(major diastereoisomer). Although 5-amino- 
3-methylpentan-1-ol is a useful building block, 
no asymmetric synthesis has been reported 
previously, and its racemic form costs $965.90/g. 
We obtained (R)-68 upon deprotection of the 
phthalimide 49b derived from (-)-f-citronellol. 
The chiral amino acid ester 69 can be syn- 
thesized from (-)-B-pinene. The abundant func- 
tional groups in terpenoids also facilitated 
the synthesis of more-elaborate amino alco- 
hols through diversification. For example, we 
prepared the amino alcohol 71 from cis- 
(-)-limonene oxide through aminodealkenylation, 
thiolation, and deprotection. We obtained the 
amino alcohol 73, bearing a nootkatol skeleton, 
through the Luche reduction of 31b, followed 
by deprotection. We synthesized the artificial 
indole alkaloid '75 through sequential Fischer 
indolization of 32b with 4-methoxylphenyl- 
hydrazine and deprotection. (1R,2R,5R)-5- 
Amino-2-methylcyclohexanol (77) is a synthetic 
intermediate leading to a JNK inhibitor (Fig. 
1D) (24, 43); previous routes to its synthesis 
have involved 12 steps from (-)- limonene and 
11 steps from the Diels-Alder reaction of isoprene 
and methyl acrylate. Using our deconstructive 
C-N coupling strategy with commercially avail- 
able (-)-dihydrocarveol ($3.10/g) and phthalimide, 
followed by deprotection using hydrazine mono- 
hydrate, afforded 77 in two steps in 54% overall 
yield. Chiral 4-substituted-1-methylcyclohexenes 
are synthetically challenging molecules and 
serve as key intermediates in the synthesis of 
various pharmaceuticals and natural products 
(44). (S)-1-Methylcyclohexenyl-4-amine (79, 
$1930.50/g) has been a precursor in the syn- 
thesis of a trichodiene synthase inhibitor. The 
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Fig. 3. Substrate scope of 
alkenes. All yields are isolated 
yields. For the detailed reaction 
conditions of each substrate, see 
the supplementary materials. 
Absolute configurations are indi- 
cated by wedged or dashed 
bonds, unless otherwise specified. 
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previous route to '79 involved eight steps from 
chiral limonenes (45). The enantioenriched 
phthalimide '78 was prepared recently by Liu 
and co-workers in four steps, including an alkene 
desymmetrization strategy using a chiral cobalt 
(ID) complex catalyst, which was prepared in 
six steps from 1-alaninol (44). Our strategy en- 
gaged commercially available cis-(-)-limonene 
oxide for dealkenylative amination, in which 


He et al., Science 381, 877-886 (2023) 25 August 2023 


the C-N coupling products were produced in 
83% yield with 2.1:1 diastereomeric ratio (d.r.), 
with the desired diastereoisomer (isolated in 
56% yield), after subsequent deoxygenation, af- 
fording the chiral phthalimide 78 in 55% yield. 
The deprotection proceeded smoothly to afford 
the primary amine 79 in 85% yield (29% over- 
all yield over three steps). Considering the 
capability of copper-catalyzed coupling with 


various nucleophiles, our strategy might pro- 
vide facile access to chiral 4-substituted-1- 
methylcyclohexenes. 


Methylation reactions 


a-Methylstyrene (AMS), a by-product of the 
cumene process, is produced in quantities of 
>292,000 tons annually (46). Because of the 
relative stability of the methyl radical (BDE: 
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Fig. 4. Application 
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105.0 kcal/mol for Me-H) over the phenyl rad- 
ical (BDE: 112.9 kcal/mol for Ph-H) (25), we 
surmised that the Criegee ozonolysis product 
of AMS, upon exposure to the Cu(I) complex, 
should produce methyl radicals and, thereby, 
methylated amines (23). Indeed, we found 
that reactions with AMS readily generated 1- 
methyl-3-chloroindazole (80) and caffeine (from 
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theophylline) under our protocol, in yields of 
84 and 67%, respectively. We methylated zido- 
vudine, an anti-HIV drug, at the N3 atom of the 
thymidine moiety to afford 3-methylzidovudine, 
without protecting the 5’-hydroxyl group. Par- 
ticularly useful methylations were those of 
canonical nucleosides. N°-Methyladenosine 
(m®A) is the most abundantly modified nucleo- 


side in eukaryotic mRNAs; it plays a crucial 
role in controlling gene expression in cellular, 
developmental, and disease processes (47). When 
using our protocol, adenosine ($0.097/g) can 
be methylated directly to m°A ($103.40/g) in 
72% isolated yield in a single step, compared 
with the two or three steps in previous re- 
ports. We achieved another common RNA 
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modification, m°oA ($148/g), in nearly quan- 
titative yield when using an additional equiv- 
alent of AMS (compared with the two steps 
in a previous report). We also performed the 
reaction on a 5-g scale, providing a pure sample 
without the need for silica-column purification. 
We used the deuterium-labeled o-trideuterome- 
thylstyrene (81), obtained from acetophenone 
and deuterium oxide in two steps, to generate 
isotopically labeled Dz-m®A ($7030/g). We 
prepared other common methylated nucleo- 
sides, namely m®dA ($510/g), m*C ($420/¢), 
and m*dC ($16.70/mg), from the correspond- 
ing canonical deoxyadenosine, cytidine, and 
deoxycytidine, respectively, in good yields, where 
multiple synthetic steps or low yields were pre- 
viously necessary (see the supplementary ma- 
terials for previous routes). 


Terpene nucleosides 


Encouraged by the successful nucleoside 
methylation, we used aminodealkenylation 
for the rapid construction of terpene nucleosides 
(Fig. 4C). Terpene nucleoside natural products 
are generated through the adenosine process- 
ing of sesquiterpenoids or diterpenoids. They 
are found in bacterial metabolites and exhibit 
considerable biofunctionality and bioactivity— 
for example, as an antacid signaling molecule 
or as a component in the cell wall of Myco- 
bacterium tuberculosis (48). Furthermore, an 
adenosine-processed eudesmane-type sesqui- 
terpenoid isolated from the myxobacterium 
Sorangium cellulosum exhibited moderate anti- 
bacterial activity against a wide range of bac- 
terial strains (49). We used the eudesmane-type 
sesquiterpenoid (82), (+)-nootkatone (83), dri- 
mane sesquiterpenoid (84), and the mono- 
terpene (-)-isopulegol (85) to prepare terpene 
nucleosides in moderate to good yields. Ana- 
logs of terpene nucleosides can be applied as 
chemical probes of biological function, and 
their innate bioactivity might also provide a 
platform for developing lead compounds in 
medicinal research. 


Mechanistic studies 


We conducted several experiments to gain 
insight into the reaction mechanism. Copper 
halides and phenanthroline are known to form 
tight ion pairs [(Phen),Cu]*[CuX,] instead of 
neutral complexes [(Phen)CuX] in polar sol- 
vents (50, 57), and our ultraviolet-visible spec- 
troscopic measurements indicated that the ion 
pair complex [(Phen).Cu]*[CuCl,]° was the 
dominant species in MeCN (see the supple- 
mentary materials for details). Previous mech- 
anistic studies have suggested that the neutral 
complex is the active species in the C-N cou- 
pling reaction, due to inefficient oxidative ad- 
dition of ionic copper complexes to aryl halides 
(7, 51). In contrast to oxidative addition, single- 
electron transfer (SET) between hydroperoxide 
and either [(Phen),Cu]* or [CuCl,] is rapid 
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[the rate constant (k) = 4 x 10? M71 s“‘] and 
can trigger peroxide fragmentation (52, 53). 

In an attempt to directly probe the nature 
of the reactive copper species, we prepared 
a series of copper complexes (Fig. 5A) and 
compared their performance in the amino- 
dealkenylation between (-)-dihydrocarveol 
and phthalimide. When the prototypical mixture 
of 1:1 CuCl and phenanthroline was replaced 
with a neutral phthalimido copper complex 
{[(Phen)Cu(phth)] (86) or [((Phen)Cu(phth),] 
(87)}, which had been proposed previously 
as a reactive intermediate (15, 17), both the 
product yields (45 and 44%, respectively) and 
diastereoisomeric ratios (1.8:1.0 and 1.4:1.0, 
respectively) deteriorated substantially when 
compared with those of the standard reaction 
(90% nuclear magnetic resonance yield, 2.9:1.0 
dr) (entries 1 to 3). Using the ion pair [(Phen),Cu]* 
[CuCl] (88) directly afforded a reaction sim- 
ilar to the prototypical aminodealkenylation 
(87% yield, 2.8:1.0 d.r.), indicating that the ion 
pair might have been the active catalytic spe- 
cies. Reactions using either [(Phen),Cu]* (89) 
or [CuCl,] (CuCl + Et,NCl) were extremely 
sluggish (entries 5 and 6), whereas the com- 
bination of independently prepared [(Phen),Cu]* 
and [CuCl,] afforded a product similar to that 
from the parent reaction (entries 4 and 7), but 
with a slightly diminished yield. 

To gain further insight into the mechanism 
of the copper-catalyzed amination, we con- 
ducted kinetic studies through variable time 
normalization analysis (VINA) (54). Using 
ReactIR, we collected the concentration- 
time profiles for both the C-C scission product 
[methyl acetate (MeOAc)] and the C-N cou- 
pling product (32b). The formation of MeOAc 
displayed 0.3-, zero-, and 1.3-order dependences 
with respect to S32-peroxide, phthalimide, 
and the catalyst (CuCl + Phen), respectively, 
while the coupling product 32b displayed 
0.3-, 0.3-, and 1.3-order dependences (figs. $22 
to S27). The zero- and pseudo-zero-order de- 
pendences on both peroxide and the amine 
imply that there existed an off-cycle catalyst 
resting state (55, 56). Because both [(Phen),Cu]* 
and [CuCl,] are readily oxidized by peroxide, 
we surmise that the resting states of the cat- 
alyst were the corresponding copper(II) spe- 
cies 91 and 93 (Fig. 5C, reactions 1 to 3). The 
kinetic order of 1.3 with respect to catalyst in- 
dicates a scenario in which two catalytic spe- 
cies were operating on-cycle (Fig. 5C). 

To tease out the roles of the cation and 
anion complexes in the catalytic cycle, we in- 
vestigated the kinetics of [(Phen).Cu]* (89) 
and [CuCl,] (1:1 mixture of CuCl + Et,NCl) 
separately. Both the C-C scission and C-N 
coupling events exhibited a kinetic order of 
1.3 in [CuCl,] in the presence of 2 mol % 89 
(Fig. 5B, i and ii, and figs. S32 and S33) anda 
kinetic order of 2 in the presence of 0.5 mol % 
89 (figs. S34 and S35). Moreover, although 


[CuCl] alone could catalyze the generation of 
MeOAc (Fig. 5B, iii), the formation of 32b was 
sluggish in the absence of [(Phen),Cu]* (Fig. 
5B, iv, and Fig. 5A, entry 6). In sum, the C-C 
scission and C-N coupling steps displayed zero- 
and first-order dependences on [(Phen),Cu]* 
at low concentrations (0.1 to 0.5 mmol %; Fig. 
5B, iii and v) and saturation kinetics at higher 
concentrations (0.5 to 2.0 mol %), respectively, 
each in the presence of 2.0 mol % [CuCl |" 
(figs. S28 to $31). The amount of 89 did not 
affect C-C scission, generating MeOAc even in 
its absence (Fig. 5B, iii), while both the pro- 
duction rate and yield of 32b were dependent 
on the concentration of 89 (Fig. 5B, iv). Com- 
plex 89 alone, however, could not generate 
appreciable amounts of MeOAc and 32b, both 
of which were generated steadily upon addi- 
tion of Et,NCl (Fig. 5B, vi). We surmise that 
[(Phen).Cu]** (93) was a stable cation whose 
reduction back to Cu(I) species was sluggish. 
Therefore, once [(Phen),Cu]* was oxidized, 
the reaction stalled (Fig. 5C, reaction 3). Never- 
theless, the addition of chloride replenished 
some Cu(II)Cl,,L,, species that could oxidize 
the peroxide A and the radical B and return to 
the Cu(I) species (Fig. 5C, reactions 1 and 2) 
(67). The disparate reaction kinetics of [CuCl.]” 
and [(Phen).Cu]* indicate that [CuCl.]” was 
involved in hydroperoxide decomposition, 
whereas [(Phen).Cu]* participated in the C-N 
coupling. Because C-C scission occurred before 
C-N coupling, [CuCl] influenced both the C-C 
scission and C-N coupling processes (figs. S34 
and $35). 

Taken together, we propose the involvement 
of [CuCl,]-[(Phen).Cu]* cooperative catalysis 
(Fig. 5C). SET between complex 90 and the 
peroxide A affords the alkoxyl radical E, which 
undergoes f-scission to generate the alkyl radical 
B. The cationic Cu) complex 92 is oxidized 
by peroxide A to afford a copper(II) complex 
93. Deprotonated phthalimide associates with 
complex 93, followed by dissociation of Phen, 
to afford the phthalimido copper(II) complex 
94. Complex 94 traps the alkyl radical B to 
afford the C-N coupling product and the 
copper(I) complex 97 through either an outer 
sphere (95) or inner sphere (96) pathway (58). 
Ligand exchange on the Cu(I) complex 97 
affords 92. Subsequent electron transfer be- 
tween 91 and 92 regenerates 90 and 93, com- 
pleting a catalytic cycle. Alternatively, electron 
transfer between 97 and 91 is also possible to 
regenerate 90. Deprotonated phthalimide asso- 
ciates with the resulting Cu(II) complex from 
97 to regenerate 94, completing the catalytic 
cycle. Given the straightforward nature of 
the modular introduction of nitrogen moieties 
through the unusual disconnection of alkene 
skeletons, we anticipate that our copper-catalyzed 
dealkenylative C-N coupling will find applica- 
tions in the preparation of complex bioactive 
three-dimensional molecules and optically 
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A Catalyses using different Cu complexes 


C Proposed mechanism 
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Fig. 5. Mechanistic studies. (A) Comparison of different copper complexes. (B) Kinetic studies. (©) Proposed mechanism. *MeCN/MeOH (9:1 v/v) was used because 
complex 87 does not dissolve in MeCN. +2 mol % of 89 was used. $2 mol % of (CuCl + Et,NCl) was used. N.D., not determined. 


active amines of great interest in organic syn- 
thesis and medicinal chemistry. 
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Tandem propane dehydrogenation and surface 
oxidation catalysts for selective propylene synthesis 


Wei Wang'?%, Sai Chen’, Chunlei Pei”?, Ran Luo’, Jiachen Sun’, Hongbo Song**, 
Guodong Sun’, Xianhui Wang’, Zhi-Jian Zhao’, Jinlong Gong??>* 


Direct propane dehydrogenation (PDH) to propylene is a desirable commercial reaction but is highly 
endothermic and severely limited by thermodynamic equilibrium. Routes that oxidatively remove 
hydrogen as water have safety and cost challenges. We coupled chemical looping—selective hydrogen 
(Hz) combustion and PDH with multifunctional ferric vanadate—vanadium oxide (FeVO,-VO,) redox 
catalysts. Well-dispersed VO, supported on aluminum oxide (Al203) provides dehydrogenation sites, and 
adjacent nanoscale FeVO, acts as an oxygen carrier for subsequent Hz combustion. We achieved 

an integral performance of 81.3% propylene selectivity at 42.7% propane conversion at 550°C for 
200 chemical looping cycles for the reoxidization of FeVO,. Based on catalytic experiments, 
spectroscopic characterization, and theory calculations, we propose a hydrogen spillover-mediated 
coupling mechanism. The hydrogen species generated at the VO, sites migrated to adjacent FeVO, for 
combustion, which shifted PDH toward propylene. This mechanism is favored by the proximity between 


the dehydrogenation and combustion sites. 


ropylene, a primary building block in 

the chemical industry, is mostly pro- 

duced through the stream cracking of 

naphtha (J), an energy-intensive process 

that relies on petroleum feedstocks. Pro- 
pane from shale gas is converted commercially 
to propylene through propane dehydrogena- 
tion (PDH) (2-4), but the reaction is highly 
endothermic and equilibrium-limited and re- 
quires frequent catalyst regeneration after coke 
deposition. An alternative, thermocatalytic oxi- 
dative dehydrogenation (ODH) of propane 
(5-8) must overcome the overoxidation of pro- 
pylene to CO, in order to become a viable 
commercial process. Based on Le Chatelier’s 
principle, selective removal of Hz from prod- 
ucts would shift the equilibrium toward 
propylene. Compared with hydrogen perm- 
selective membrane reactors and metal hy- 
drides (9, 10), selective hydrogen combustion 
(SHC) has the additional advantage of simul- 
taneous thermal release and can be seamlessly 
integrated with existing industrial PDH pro- 
cesses (11, 12). However, the O,-cofeed catalytic 
systems suffer from inherent safety hazards 
and require energy-intensive air separation 
(fig. SI). 

The lattice oxygen of reducible metal oxides 
can act as solid oxygen carriers to achieve SHC 
under anaerobic conditions (13-15). The feasi- 
bility of using oxygen carriers, such as Bi,O3 
(16), IngOz (17), V205 (18), Fe203 (19), MoOz 
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(20), and doped CeO, (27), has been exten- 
sively validated. However, several limitations, 
including poor redox stability, low oxygen 
storage capacity (OSC), and limited hydrogen 
combustion selectivity, have precluded poten- 
tial commercial use. Additionally, achieving 
precise control of communication behavior 
between dehydrogenation sites and hydrogen 
combustion sites at the molecular level to 
mediate tandem PDH-SHC reactions remains 
a challenge (J, 12). 

We propose an intensified process for cou- 
pling PDH and chemical looping-selective hy- 
drogen combustion (CL-SHC) under anaerobic 
conditions in a tandem fashion with the multi- 
functional FeVO,-VO, redox catalysts (Fig. 1A). 
We used a known PDH catalyst, VO, with 3 wt 
% metal loading on a y-Al,O3 support (denoted 
3V/Al), with a synthesized FeVO, oxygen car- 
rier that has a high OSC and high stability for 
SHC loaded in one reactor (figs. S2 and S3). 
The FeVO, oxygen carriers donated lattice 
oxygen to convert hydrogen into water. The 
reduced oxygen carriers were then exposed 
to air in a separate step to replenish the lat- 
tice oxygen, which is known as the chemical- 
looping (or redox) process. In this way, we 
avoided the direct contact of gaseous O, with 
the flammable mixture and the need for cryo- 
genic air separation. 


Tandem catalyst systems 


We investigated four different tandem modes 
with site proximities ranging from the milli- 
meter scale to the nanoscale (denoted as M1 
to M4) by controlling the spatial distribution 
of FeVO, oxygen carriers and 3V/Al PDH cat- 
alysts (Fig. 1B and fig. S4). All materials were 
pressed into pellets and sieved to prepare 
granules with sizes of 400 to 800 um before 
loading into the reactor (see details in the 
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supplemental materials). In M1, we a eed 


dual-bed configuration in which FeVO, 4 
packed below 3V/Al, separated by a layer of 
inert quartz sand. In M2, we mixed the gran- 
ules with FeVO, and 3V/Al well. In M3, we 
used mixtures of FeVO, and 3V/Al fine pow- 
ders (50 to 75 um), which were then pressed, 
crushed, and sieved to granules ranging in 
size from 400 to 800 um. In M4, we mortar- 
ground mixtures of FeVO, and 3V/Al powders 
to achieve nanoscale intimacy, where mate- 
rial transferred between particles so that both 
catalyst and oxygen carrier were on the sur- 
face of the same particle (denoted x#FeV-3V/ 
Al, where x represents the mass percentage of 
FeVO, in the tandem catalysts) (figs. S5 and 
S6 and table S1). 


Structural analysis of 30FeV-3V/Al tandem 
catalysts with nanoscale intimacy 


We confirmed the feasibility of the structural - 


hypothesis that 30FeV-3V/Al tandem catalysts 
(M4) achieved nanoscale intimacy with com- 
plementary characterization techniques. Pow- 
der x-ray diffraction patterns showed that 
30FeV-3V/Al was composed of triclinic FeVO, 
phase (PDF#25-0418) and y-Al,O3 (Fig. 1C). 
The absence of vanadium oxide peaks implied 
the high dispersion of VO, species (fig. S7). 

The in situ Raman spectrum of dehydrated 
30FeV-3V/Al contained a set of characteristic 
peak bands between 200 and 1000 cm“ that 
we attributed to bulk FeVO, (22) and a char- 
acteristic band at about 1020 cm”’ that we 
attributed to V=O bonds in the highly dispersed 
VO, species on the surface of the y-Al,O3 
support (Fig. 1D) (23). High-resolution trans- 
mission electron microscopy images and energy- 
dispersive x-ray spectroscopy mappings also 
showed independent FeVO, nanoparticles (NPs) 
and highly dispersed VO, on Al,O3 (3V/Al) 
with nanoscale intimacy (figs. S8 and S9). 

Electron energy-loss spectroscopy (EELS) of 
the V Lo; and Fe L.3 edges crossing the inter- 
face of FeVO, NPs and 3V/Al was used to 
identify the spatial distribution of the matrix 
(Fig. 1E), where three different zones were 
selected (Fig. 1F): (i) FeVO. NPs, (ii) 3V/Al 
adjacent to FeVO, NPs, and (iii) 3V/Al away 
from FeVO, NPs. The variations of the inten- 
sity of the Fe Ly; edges from zone 1 to zones 2 
and 3 confirmed that the Fe atoms were exclu- 
sively concentrated in the FeVO, NPs (Fig. 1G), 
as shown in the EELS elemental mappings of 
Fe and V (Fig. 1F). 

The V Ly; edges showed two adsorption 
jumps at E(Ls3) = 518.6 eV and E(Lg) = 525.4 eV 
on the FeVO, NPs (zone 1), illustrating the 
dominance of V** in FeVO,. The V Lz edge at 
the adjacent 3V/Al (zones 2 and 3) shifted 
toward lower energy compared with that at 
the FeVO, NPs (zone 1), indicating that VO, 
species were in a mixed V™* (w = 3 to 5) valence 
state (Fig. 1H) (24), which was also evidenced 
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Fig. 1. Characterizations of 30FeV-3V/Al tandem catalysts. (A) Schematic representation of the PDH+CL- 
SHC scheme under anaerobic conditions. lat, lattice; vac, vacancy. (B) Schematic of the tandem catalysts in 
different modes: M1, dual-bed configuration with FeVO4 packed below 3V/Al; M2, stacking of granules with 
FeVO, and 3V/Al; M3, powder mixtures of FeVO, and 3V/Al; and M4, mortar mixtures of 3V/Al and FeVO,. 

(C and D) XRD patterns (C) and in situ Raman spectra (D) of FeVO, and 30FeV-3V/AI. a.u., arbitrary units. 
(E and F) HAADF-STEM image (E) and EELS-mapping (F) of 30FeV-3V/Al, which comes from the selected 
square area in (E). (G and H) EELS line-scanning of the V Lo3 and Fe Lo3 edges. 


by the deconvolution of V 2p x-ray photoelectron 
spectroscopy results (figs. S10 and S11). These 
characterizations support a structural model 
in which FeVO, NPs are surrounded by the 
3V/Al matrix and the NPs and matrix are sit- 
uated in close proximity at the nanoscale. 


Intimacy-dependent propylene selectivity and 
H combustion selectivity 


We demonstrated the application of FeVO,-VO, 
tandem catalysts in a continuous PDH+CL- 
SHC scheme. The FeVO, oxygen carrier alone 
tended to combust propane, but this reaction 
competed with PDH in the presence of 3V/Al 
catalysts (Fig. 2A and fig. S12). We observed 
strong correlations between the proximity of 
FeVO, oxygen carriers and 3V/Al catalysts and 
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the selectivity of propylene. Integrated cata- 
lysts with a dual-bed configuration (M1), in 
which FeVO, was packed below the 3V/Al 
bed, and granular mixture of FeVO, and 3V/Al 
(M2) exhibited rather high CO, selectivity 
(34.5%) and poor propylene selectivity (56.2%) 
at 5 min on stream (fig. S13). Propylene se- 
lectivity was improved to 75.7% by changing 
the FeVO, and 3V/Al into a closer proximity 
in M3 (Fig. 2A). 

We found that 30FeV-3V/Al (M4), which ex- 
hibited nanoscale intimacy, attained the high- 
est propylene selectivity (86.3%) with negligible 
CO, production (3.6%) and high carbon bal- 
ance (97.3%) at 46.5% propane conversion (Fig. 
2C and fig. S13) at 5 min on stream, which 
outperformed the 3V/Al (fig. S14), FeVO,, 


25 August 2023 


and state-of-the-art ODH, PDH+SHC, PDH, 
CL-ODH, PDH+COs, and PDH+CL-SHC cata- 
lysts (6, 12, 16, 25-40). On-line mass spectrom- 
etry (MS) results indicated that the lattice 
oxygens of FeVO, that were involved in se- 
lective H combustion were sustained for at 
least 10 min during the course of PDH (fig. 
$15). The integral conversion of propane and 
propylene selectivity of the M4 catalyst with 
the consideration of coke deposits during the 
course of the 10-min reaction were determined 
to be 42.7 and 81.3%, respectively (fig. S16). 
Even at 40% propane concentration, the M4 
catalysts achieved 93.6% propylene selectiv- 
ity at 37.6% propane conversion (fig. S17) with 
a space-time yield of 14.6 mmol C3H¢ 2 ‘cat 
hour, which offered a potential advantage 
of the PDH+CL-SHC scheme over conventional 
PDH-SHC with O» cofeeding catalytic systems 
(fig. S18). 

We semiquantitatively estimated the dis- 
tance between 3V/Al and FeVO, (denoted 
dyevo4-3v/a1) from the millimeter-scale to the 
nanoscale by a Monte Carlo method (fig. S19 
and table S2) (41, 42). The dependence of pro- 
pylene selectivity and H combustion selectiv- 
ity Fiandem [denoted (1 — H2/C3H¢) x 100%] on 
dgevos-av/al indicated the communication be- 
tween tandem catalysts (Fig. 2B). This result is 
consistent with the “the closer, the better” 
notion of intimacy put forward by Weisz in 
1962 (43). 

We further demonstrated the stability and 
recyclability of the 30FeV-3V/Al tandem redox 
catalysts with 200 redox cycles at 550°C by 
switching propane and air as the reducing and 
oxidating gases, respectively (Fig. 2D). Real- 
time thermogravimetric analysis (TGA) showed 
that the oxygen release and weight loss in each 
cycle were maintained at values between 3.0 
and 3.5% in a test lasting >300 hours (Fig. 2E), 
indicating the highly facile and reversible oxy- 
gen release and storage of 30FeV-3V/Al tandem 
catalysts with minor changes of diffraction peaks 
in the x-ray diffraction (XRD) patterns (figs. 
$20 to $22). 

In addition to intimacy-dependent propyl- 
ene selectivity and H combustion selectivity, 
the H abstraction from propane on dehydro- 
genation sites played a prerequisite role for 
this H combustion. 3V/Al contains low loading 
of V (3 wt %), which can be easily reduced (fig. 
$23), and functions as dehydrogenation sites. 
Temperature-programmed surface reaction of 
propane indicated the sluggish activation of pro- 
pane on 3V/Al at the low temperature of 450°C 
(fig. S24), which leads to the absence of H 
abstraction and the subsequent site proximity 
independence (fig. S25). Alkali metals are se- 
lective titrants of acid-base pairs on oxide sur- 
faces (44, 45), and we used sodium to poison 
the acid-base pairs of the 3V/Al surface. The ab- 
sence of improvements in propylene selectiv- 
ity also provided compelling evidence for the 
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Fig. 2. Catalytic performance of tandem catalysts. 


with different modes at 5 min on stream [550°C, gas 


(A) Catalytic performance of tandem catalysts 
hourly space velocity (GHSV) = 2500 hour", 10 vol % 


C3Hg/Nz]. (B) Propylene selectivity and Frandem aS a function of drevoa-3vvar. (C) Comparison of 30FeV- 


3V/Al with best-performing reported ODH, PDH+SHC, 


PDH, CL-ODH, PDH+COz, and PDH+CL-SHC catalysts, 


shown as triangles, squares, pentagons, hexagons, circles, and spheres, respectively (see table S3). The 
brown and green spheres of M4 indicate instantaneous performance at 5 min and integral performance 
during the course of 10-min PDH, respectively. Numbers indicate corresponding references, as also shown 
in table S3. (D) Data from 200 redox cycle tests on 30FeV-3V/Al catalysts at 550°C. Conditions are as 
follows: dehydrogenation step, GHSV = 2500 hour’, 10 vol % C3Hg/Nz2 = 20 ml min’ for 5 min; inert purge, 
No = 50 ml min7 for 5 min; and reoxidation step, 20 vol % O2/No = 20 ml min? for 5 min. (E) Real-time 


TGA data of 30FeV-3V/Al catalysts over >300 hours 


tandem process of PDH with CL-SHC, in which 
3V/Al played the role of catalyst to abstract 
hydrogen and FeVO, acted as the oxygen car- 
rier to combust hydrogen (fig. S26). These 
results indicate that the intimacy-dependent 
propylene selectivity is closely related to the 
abstraction of hydrogen from propane over 
the PDH catalyst (3V/Al). We speculate that a 
surface diffusion mechanism of hydrogen spe- 
cies is responsible for the coupling of FeVO, 
and 3V/Al catalysts to complete the tandem 
catalytic cycle. 
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at 550°C. 


Mechanistic studies of the hydrogen 
spillover—coupling mechanism of PDH 

with CL-SHC 

We performed H, temperature-programmed 
reduction (Hj-TPR) to investigate the redox 
properties of tandem catalysts and validate the 
spillover of hydrogen intermediates (Fig. 3A 
and figs. S27 and S28). The temperature of the 
reduction peak shifted toward lower tem- 
peratures with an increase in intimacy from 
M1 to M4. The peak position of the nano- 
scale-integrated 30FeV-3V/Al catalysts shifted 
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to 475°C, which is near the position of the in- 
trinsic reduction peak of 3V/Al and lower than 
that of FeVO,. In situ XRD with temperatures 
ramping from 50° to 600°C under H,/argon 
indicated that pure FeVO,, NPs showed a phase 
transformation from triclinic phase FeVO, 
to spinel Fe, ;V;,;04 (PDF#04-005-6267) near 
600°C. By contrast, the intensified hydrogen 
spillover facilitated the phase change of a 
FeVO, NP initially at 450°C when it was in 
proximity with 3V/Al (Fig. 3, B and C). 

Analysis of the thermogravimetry relaxa- 
tion curves showed a higher oxygen release 
rate for M4 than for FeVO, (fig. S29). Thus, 
the reactive hydrogen species from the dis- 
sociation of H, on VO, sites may substantially 
expedite the reduction of adjacent FeVO, by 
hydrogen spillover. The combustion of hy- 
drogen species on FeVO, can be considered as 
a “pump” for transferring hydrogen species. 
In the hydrogen-spillover effect identified here, - 
hydrogen atoms were generated at the oxide 
site, in contrast to the conventional scenario, in 
which hydrogen atoms are primarily produced 
on the surface of metal NPs (46-50). Isothermal 
MS, in which propane was fed to 30FeV-3V/Al 
tandem catalysts at 550°C, showed the evolu- 
tion of propylene and Hg signals (fig. S30) along 
with an initial rise and downward depression 
in the H, signal and the appearance of HO 
signal. Thus, hydrogen was consumed through 
the hydrogen spillover-assisted SHC. 

When cofeeding H, with C3Hg and C3Hg, 
for pure FeVO,, the formation rates of CO, 
that resulted from the overoxidation of C3Hg 
and C3Hg were substantially reduced from 
0.55 to 0.30 mmol g.a,? min at 2 min on 
stream (fig. $31). Density functional theory 
(DFT) calculations evidenced the lower ad- 
sorption energy of H* compared with that of 
C3H, and C3H,g on FeVO,, and the increase 
in the H* coverage led to the decrease in the 
adsorption strength of C3H7 and C3H,g (fig. S32). 
Such results underpin a mechanism in which 
propane dissociated on the dispersed VO, sites 
to produce hydrogen intermediates, which then 
spilled and preferentially oxidized over the 
adjacent FeVO, sites. This consequently sup- 
pressed the overoxidation of C3Hg (or other 
C3Hg-derived species), with a distance-dependent 
hydrogen-spillover effect (see detailed discus- 
sion in fig. $32). 

This hypothesis of hydrogen spillover- 
mediated coupling of PDH with CL-SHC was 
further supported by in situ diffuse reflectance 
infrared Fourier transform (DRIFT) experi- 
ments. By following the transient switches 
between the argon and C3Hg (10 vol % in argon) 
at 550°C, three distinct surface hydroxyl groups 
bands appeared at ~3750, 3690, and 3650 cm, 
which we assigned to the Aly-OH, Al;y—-OH, and 
V-OH (23, 51), respectively (Fig. 3, D and E, and 
fig. S33). This finding was substantiated by 
hydrogen-deuterium (H-D) exchange experiments 
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(fig. S34). The emergence of V-OH features 
indicated that C-H bond activation occurred 
on the VO, site, accompanied by the reduc- 
tion of the V=O bond. The characteristic peaks 
of Aly-OH and Al;y-OH were indicative of the 
cleavage of the V-O-Al bonds and the H spe- 
cies transferring to adjacent Al-O sites from 
the VO, sites, respectively. Figure 3F shows 
the variations in integral intensities of the 
Aly-OH infrared signal under the C3Hg atmo- 
sphere with reaction time. On the 3V/AlI cat- 
alysts, Alpy-OH species experienced a sharp 
increase within a 10-min period, which ac- 
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counts for almost 85% of the integral inten- 
sity of the infrared signal during the steady state. 
By contrast, Alpy-OH species on the 30FeV- 
3V/Al catalysts were less dominant within the 
10-min period and accounted for only 8% of 
integral intensity of the steady state. 

We inferred that the adjacent FeVO, with 
nanoscale proximity triggered the migration 
of atomic hydrogen species from VO, toward 
FeVO, to combust the hydrogen species. With 
the sustained consumption of lattice oxygen 
of FeVO,, the driving force for hydrogen com- 
bustion becomes weak, and the hydrogen spe- 
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at 550°C. The inset schematic in (F) depicts the evolution processes of 
Aliy-OH. (G) Calculated potential energy diagrams of H* on VO,/Al203 and 
VO,/Al203+FeVO, with the corresponding structures along the reaction 
paths. Color scheme is as follows: O, red; Al, taupe; V, gray; and Fe, blue. TS 
indicates the transition state, and MS indicates the ending state, either 


cies diffuse to adjacent Al-O sites. This process 
was evidenced by the notable increase in Alyy- 
OH species after the 10-min period. Similar 
results were observed on the 30FeV-3V/Al, 3V/ 
Al, and FeVO, catalysts when exposed to the 
transient switches between the argon and Hy 
(10 vol % in argon) conditions (fig. S35). 


Theoretical calculations 


DFT calculations offered a more comprehensive 
understanding of the adsorption and spillover 
characteristics of hydrogen on the surface of 
each catalyst. Hydrogen adsorption energies 
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(HAE) were first calculated on FeVO, and di- 
mer VO, on y-Al2O3 (Fig. 3G and figs. S36 and 
837). The process of hydrogen adsorption on 
FeVO, was exothermic, with an adsorption 
energy value (-149 eV) that was lower than 
those with V,0;/Al,03 (-1.15 eV), V204/Al,03 
(-0.89 eV), and V,03/Al,03 (—0.86 eV). These 
findings suggest that the hydrogen spillover 
toward FeVO, becomes thermodynamically 
favorable in comparison with that toward 
VO,/Al,03. For dimer V,0,/Al,03, the for- 
mation of H,* (MS2 in red in Fig. 3G) had a 
high activation barrier. Therefore, the H* spill- 
over (AF = 1.09 eV) took precedence over the 
formation of HO and H, (AE = 1.27 eV), illus- 
trating that the occurrence of hydrogen spill- 
over from the VO, site to FeVO, is feasible. 
The reaction energy profile of the H interme- 
diates toward H2O (AE = 0.50 eV) indicated 
the favorable formation of H,O(g) rather than 
H,(g) on the FeVO, surface, denoting the se- 
lective H combustion on VO,+FeVO, tandem 
catalysts (Fig. 3G). 


Related tandem catalysts 


To assess the generality and prowess of hydro- 
gen spillover-assisted coupling of PDH and 
CL-SHC, we investigated the catalytic behav- 
iors from two perspectives. We either altered 
the PDH catalysts by replacing 3V/Al with 
3Zn/Al, 3Ga/Al, or 3Cr/Al or replaced FeVO4 
as the oxygen carrier with V,O; in different 
tandem modes, as mentioned in the previous 
section of tandem catalyst systems (fig. S38). 
As expected, we observed strong correlations 
between the intimacy and selectivity of pro- 
pylene (figs. S39 to S44), following “the closer, 
the better” criteria. Generally, the related tan- 
dem catalysts with nanoscale proximity exhibit 
better propylene yield than their correspond- 
ing parent systems. These results support that 
this hydrogen spillover-mediated coupling 
mechanism occurs in a tandem fashion with 
nanoscale proximity. 


Conclusions 


We demonstrated a hydrogen spillover-mediated 
coupling of PDH and CL-SHC at the nanoscale 
by using multifunctional tandem redox cata- 
lysts. Different tandem modes with site proxi- 
mities ranging from the millimeter-scale to the 
nanoscale were investigated, validating the se- 
lectivity of propylene production in an intimacy- 
dependent manner. Experiments and theoretical 
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analysis demonstrated that hydrogen inter- 
mediates formed at the VO, sites migrated 
to adjacent FeVO, oxygen carriers for com- 
bustion, refining the tandem process of PDH 
with CL-SHC. Given that many industrial- 
relevant chemical conversion processes are 
endothermic and equilibrium-limited, we antic- 
ipate that this concept of hydrogen spillover- 
assisted CL-SHC and the coupling mechanism 
of tandem catalysis identified here will open 
new avenues to guide intensification of the 
chemical engineering process. 
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Functional diversification of a wild potato immune 
receptor at its center of origin 


Yerisf C. Torres Ascurra’, Lisha Zhang”, AmirAli Toghani*, Chenlei Hua‘, 

Nandeesh Jalahalli Rangegowda’, Andres Posbeyikian®, Hsuan Pai’, Xiao Lin’, Pieter J. Wolters?, 
Doret Wouters’, Reinhoud de Blok’, Niels Steigenga't, Maxence J. M. Paillart*, Richard G. F. Visser’, 
Sophien Kamoun?, Thorsten Niirnberger?>*, Vivianne G. A. A. Vieeshouwers!* 


Plant cell surface pattern recognition receptors (PRRs) and intracellular immune receptors cooperate to 
provide immunity to microbial infection. Both receptor families have coevolved at an accelerated rate, 
but the evolution and diversification of PRRs is poorly understood. We have isolated potato surface 
receptor Pep-13 receptor unit (PERU) that senses Pep-13, a conserved immunogenic peptide pattern 
from plant pathogenic Phytophthora species. PERU, a leucine-rich repeat receptor kinase, is a bona fide 
PRR that binds Pep-13 and enhances immunity to Phytophthora infestans infection. Diversification in 
ligand binding specificities of PERU can be traced to sympatric wild tuber-bearing Solanum populations 
in the Central Andes. Our study reveals the evolution of cell surface immune receptor alleles in wild 
potato populations that recognize ligand variants not recognized by others. 


lant cell surface pattern recognition recep- 

tors (PRRs) and intracellular immune 

receptors cooperate to provide robust 

resistance to microbial infection (/-3). 

The synergistic activation of plant im- 
munity by spatially separated plant immune 
receptors suggests their coevolution. A strong 
correlation in the number of genes encoding 
surface and intracellular immune receptors ob- 
served across the plant lineage supports the 
concept of mutual potentiation of immune re- 
sponses initiated in different plant cell compart- 
ments (4, 5). 

It is assumed that pathogen pressure in eco- 
logical niches drives plant immune receptor 
evolution (5, 6), but evidence for diversification 
of plant PRR sequences and functions among 
natural plant populations is lacking. We hypo- 
thesized that a PRR might recognize Pep-13, a 
conserved microbial immunogenic 13-amino- 
acid fragment from a cell wall glycoprotein 
(GP42) with transglutaminase (TG) activity (7-9). 
TGs are produced by several plant-pathogenic 
oomycete Phytophthora species, including 
P. infestans, the causal agent of potato late 
blight disease and the Great Irish Famine (J0-72). 
Pep-13 triggers a hypersensitive response and 
other immunity-associated responses in diverse 
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plant species, including the solanaceous host 
plant, potato (70). 


Potato PERU senses oomycete-derived 
pattern Pep-13 


We screened a collection of wild Solanum spe- 
cies and cultivated potato genotypes for cell 
death induction when infiltrated with Pep-13 
or its structural derivative, Pep-25 (7, 13). To 
identify the Pep-13-receptor by a map-based 
cloning approach, we crossed genotype Solanum 
tuberosum Group Phureja DM 1-3 516 R44 (DM) 
and genotype S. twberosum RH89-039-16 (RH) 
(Fig. 1A). DM is a Pep-13/Pep-25-sensitive geno- 
type, which was previously used to establish the 
potato reference genome (74). RH is a Pep-13/ 
Pep-25-insensitive genotype. We back-crossed 
the F1 generation 3240-4 to the RH parent and 
used the resulting F2 population (3648) for 
genetic mapping (15). Pattern sensitivity segre- 
gated in a 1:1 ratio, suggesting that a single, 
dominant gene encodes the corresponding re- 
ceptor (fig. SIA). Pep-13/Pep-25 sensitivity was 
previously mapped to the top of chromosome 
3 (13), and subsequent marker-assisted fine- 
mapping yielded a 55.2-kb fragment containing 
7 open reading frames, three of which encode 
leucine-rich repeat receptor kinases (LRR-RKs 
a-c) (fig. S1B). LRR-RKs consist of an extracellular 
LRR domain, a transmembrane-spanning do- 
main, and an intracellular serine/threonine pro- 
tein kinase domain, which is absent in LRR 
receptor proteins (LRR-RPs). LRR ectodomain- 
containing receptors are the predominant type 
of plant PRRs known to date and have evolved 
to recognize primarily proteinaceous micro- 
bial patterns or phytocytokines (16-18). 

To determine which LRR-RK candidate gene 
sequence confers Pep-13 sensitivity, we per- 
formed transient expression assays in the sola- 
naceous model plant, Nicotiana benthamiana. 
Agrobacterium infection-mediated expression 
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after treatment with either Pep-13 or GP42 
(Fig. IB). We thus designated LRR-RK b Pep-13 
receptor unit (PERU). PERU is a canonical plant 
LRR-RK that hosts an ectodomain composed 
of 27 LRRs linked by a transmembrane domain 
to an intracellular serine-threonine protein 
kinase domain (fig. S2). Stable expression of 
PERU cDNA in Pep-13-insensitive potato culti- 
var Atlantic resulted in Pep-13-inducible cell 
death, production of reactive oxygen species 
(ROS) and accumulation of the plant stress 
hormone, ethylene (Fig. 1, C to E, and fig. $3). 
These responses were not observed in wild-type 
(WT) Atlantic or in control lines transformed 
with empty vector only. Inactivation of the 
PERU locus in Pep-13-sensitive DM by CRISPR- 
Cas9 mutagenesis provided direct proof for a 
causal role of PERU in Pep-13 pattern recogni- 
tion. To abolish PERU gene expression, genotype 
DM was stably transformed with CRISPR-Cas9 
and 4 sgRNA, CRISPR lines were genotyped, 
and deletion and frameshift mutations were 
found, resulting in loss of Pep-13-induced cell 
death, ROS burst, and ethylene production (Fig. 1, 
F to H). In sum, these results document a role 
for potato PERU in Pep-13 pattern recognition. 


A PERU-SERK3 complex mediates Pep-13/Pep- 
25-induced defenses and plant cell death 


LRR-type PRRs recognize their cognate ligands 
by binding to their LRR ectodomains (19). We 
investigated ligand-receptor binding in vitro 
and in planta. To test for physical interaction 
of PERU and Pep-25 in vitro, we incubated re- 
combinant hexa-histidine (Hisg)-tagged PERU 
LRR ectodomain protein (PERU™*-His,) with 
biotinylated Pep-25 (Pep-25-bio) before treat- 
ment with the homo-bifunctional cross-linker 
ethylene glycol bis (succinimidyl succinate) 
(EGS) to stabilize the ligand-receptor com- 
plex (8). Pep-25-bio is as active as Pep-25 (fig. 
$4). Following PERU'®®-His, immunopreci- 
pitation, bound Pep-25-bio was visualized by 
streptavidine/anti-streptavidine antisera (fig. 
S5). A large molar excess of free Pep-13 compe- 
titively abolished ligand-receptor complex for- 
mation, which suggests direct and specific 
ligand binding by PERU“. The affinity con- 
stant of the ligand/receptor interaction (Kp = 
88.9 nM) is close to ligand concentrations 
required for immune activation in p35S::PERU- 
expressing Pep-13-insensitive Solanum hjertingii 
or in Pep-13-sensitive potato DM (ECs, = 9.8 nM 
or 44 nM respectively), indicating that the 
PERU ectodomain is sufficient for ligand bind- 
ing (fig. S5). To analyze the Pep-25-bio/PERU 
interaction in planta, we treated leaves of 
N. benthamiana plants expressing green fluores- 
cent protein (GFP)-tagged PERU (p35S::PERU- 
GFP) with ligand prior to EGS treatment. 
Precipitation of PERU-GFP protein and sub- 
sequent detection of bound ligand corroborated 
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Fig. 1. PERU confers response to A 
Pep-13. (A) The genotype DM 1-3 516 
R44 (DM) shows cell death response 
upon infiltration of Pep-13 and Pep-25 
whereas the genotype RH89-039-16 
(RH) does not. (B) Representative 

N. benthamiana leaves co-agroinfiltrated 
with the candidate genes “a,” “b,” or “c,” 
and Pep-13 or the full-length glyco- 
protein GP42, show that candidate “b" 
confers cell death to Pep-13 (left leaf) 
and GP42 (right leaf), whereas candidates 
“a” and “c” do not. Cell death was 
visualized by a red light imaging system 
at 3 days post infiltration (47). 

(C) Potato cultivar Atlantic (WT) is 
insensitive to Pep-13/25, transgenic 
Atlantic expressing PERU (PERU #10 
and PERU #11) show cell death after 
Pep-13/25 infiltration, cv. Atlantic 
transformed with empty vector (EV) is 
included as negative control. (D) Total 
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ROS production, and (E) Ethylene 
accumulation after treatment with 1 uM 
Pep-13, flg22 or water as control in 
potato cv. Atlantic WT, EV, PERU #10 
and #11. (F) CRISPR lines peru #29 
and #32 are insensitive to Pep-13/25. 
(G) Total ROS production, and 

(H) Ethylene accumulation after treat- 
ment with 1 uM Pep-13, flg22, or 
water as control, in DM (WT) and lines 
peru #29 and peru #32. Data were 
analyzed using one-way analysis of 
variance (ANOVA) with Tukey's test, 
(****P-value < 0.0001). All experiments 
were performed three times with 
similar results and representative E 
experiments are shown. 
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ligand-receptor binding observed in vitro (Fig. 
2A). Again, excess of Pep-13 abolished ligand 
binding. We did not observe an inhibitory effect 
when a biologically inactive Pep-13 mutant 
peptide, Pep-13W231A (tryptophan residue 231 
mutated to alanine, amino acid numbering cor- 
responds to full-length GP42 sequence) (J0), was 
used as a competitor (Fig. 2A). Notably, a W231A. 
mutant of GP42 not only abolished its plant 
defense-eliciting activity but also reduced its 
TG activity by 98.5% (10). Altogether, these data 
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demonstrate specific binding of Pep-13 to its 
high-affinity binding site, PERU. 

The LRR-RK BAK1/SERK3 (BRASSINOSTE- 
ROID INSENSITIVE 1-ASSOCIATED KINASE1/ 
SOMATIC EMBRYOGENESIS RECEPTOR 
KINASE 3) forms ligand-induced receptor/ 
co-receptor complexes with plant LRR-RK-type 
PRRs (17, 18, 20). We found Pep-13 pattern- 
induced complex formation of PERU and 
SERKSA after transient coexpression of p35S:: 
PERU?” -GFP and p35S::SERK3A°™-Myc in 
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N. benthamiana plants (Fig. 2B). Virus-induced 
gene silencing of SERK3 (TRV::NbSERK3) in 
N. benthamiana resulted in a massive reduc- 
tion in Pep-13-induced hypersensitive cell 
death and ROS production in TRV::NbSERK3 
plants (Fig. 2C and fig. S6), suggesting that 
PERU recruits SERK3 in a pattern-dependent 
manner. Silencing of SOBIR1 (SUPPRESSOR 
OF BAK1-INTERACTING KINASE) (TRV:: 
NbSOBIRI/-like), which is exclusively required 
for the function of LRR-RP-type PRRs, did not 
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Fig. 2. PERU recognizes Pep-13, is dependent on 
SERK3, and confers enhanced resistance to 
Phytophthora infestans. (A) Binding of biotinylated 
Pep-25 to PERU. PERU-GFP transiently expressed in 
N. benthamiana served as receptor, Pep-25-bio 
peptide as ligand, and unlabeled Pep-13 and Pep-13W231A 
peptides as competitors. Streptavidin-AP (strep) was 
used to detect ligand binding to receptor. (B) PERU-GFP 
and SERK3A°™-Myc were transiently expressed in 
N. benthamiana and treated with Pep-13 or water as 
control. Proteins were subjected to coimmunoprecipitation 
with GFP trap beads and immunoblotting with 
tag-specific antibodies. This experiment was performed 
in duplicate with similar results. (€) Cell death induced 
by Pep-13 peptide and INF1 protein (as control) in 
TRV2::NDSERK3 N. benthamiana leaves was significantly 
reduced compared with TRV2::GUS. Pep-13-induced 
cell death was not reduced in leaves treated with 
TRV2::NDSOBIRI/-like. Representative leaves are shown 
at the bottom. Data were analyzed using one-way 
ANOVA with Tukey's test, (****P-value < 0.0001, 
***P-value < 0.001, **P-value < 0.01). (D) Leaves of 
cv. Atlantic WT, and transgenic EV (negative control), 
PERU #1, #8, #10, and #11 intact plants were 
spot-inoculated with P. infestans strain Dinteloord, and 
lesion sizes measured at 4 dpi. All transgenic lines 
expressing PERU showed smaller lesions than WT 
or EV. (E) DM (WT) and CRISPR lines peru #29 and 
#32 were spot-inoculated with P. infestans strain 
Dinteloord. Lesion sizes were measured at 4 dpi. Larger 
lesions were observed in the CRISPR lines peru 

#29 and #32. Data were analyzed using one-way 
ANOVA with Tukey's test (P-value < 0.05), different 
letters indicate significant differences. All experiments 
were performed 3 times with similar results and 
representative results are shown. 


affect Pep-13-induced cell death formation. 
By contrast, Phytophthora infestans elicitin 
INF1-induced cell death mediated by activation 
of LRR-RP-type ELR (ELICITIN RESPONSE) 
(21) is reduced in both TRV::NbSERK3 and 
TRV::NbSOBIRI/-like plants (Fig. 2C). 

In solanaceous N. benthamiana, activation 
of plant immunity and cell death by LRR-RP- 
type PRRs requires lipase-like ENHANCED 
DISEASE SUSCEPTIBILITY 1 (EDS1) (22) and 
helper NUCLEOTIDE-BINDING LRR (hNLR) 
REQUIRED FOR HYPERSENSITIVE RESPONSE- 
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ASSOCIATED CELL DEATH 2, 3, and 4 (NRC2, 
NRC3, NRC4) (23, 24). Because LRR-RK-type 
PRRs have not previously been implicated in 
activating plant cell death in any plant system, 
we tested whether these proteins are required 
for PERU signaling. N. benthamiana plants tran- 
siently expressing p35S::PERU™ developed 
cell death symptoms upon infiltration of Pep-13 
or GP42 (Fig. 1B) and produced ethylene upon 
treatment with Pep-25 (fig. S4). Transient expre- 
ssion of p35S::PERU-™-GFP in N. benthamiana 
mutants lacking EDS1 and related PHYTO- 
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ALEXIN-DEFICIENT 4 (PAD4) (25, 26) or hNLRs 
NRC2/3/4 (23) had no reducing effect on elicitor- 
induced cell death and ethylene production 
(fig. S7). Altogether, we find substantial differ- 
ences in the molecular mechanisms controlling 
plant immune responses upon activation of dif- 
ferent classes of LRR-type PRRs in this plant. 


PERU confers enhanced resistance to 
P. infestans 


Potato varieties used in agricultural production 
are often susceptible to major plant pathogens, 
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Fig. 3. Functional diversification of PERU in Solanum section Petota. (A) Heat map of cell death 
responses of Solanum accessions to Pep-25 (WT) and Pep-25W231A, Pep-25P234A, Pep-25Y241A mutants 
reveals five different classes (1 to 5) of recognition specificities. DM 1-3 516 R44 (class 1) and LPH680-5 
(class 5) are marked with arrows. (B) Cell death induction by Pep-13, Pep-25, and mutants in DM and 

LPH plants. In DM, Pep-25W231A induces no cell death, and Pep-25P234A induces weaker cell death whereas 
in LPH, Pep-25W231A and Pep-25-P234A-induced cell death is similar to that caused by Pep-25. (C) PERU” 
or PERU‘ were transiently expressed in Pep-13-insensitive S. hjertingii by agroinfiltration. Infiltration of 
Pep-13/25 and Pep-25 mutant peptides yielded the same response pattern as observed in DM and LPH 
plants. (D) ECs values were determined by quantification of elicitor-induced production of ethylene in 

DM or LPH plants, and in S. hjertingii plants transiently transformed with either PERU or PERULPY. nd 
not determined. (E) Receptor/ligand binding assays show that PERU‘ specifically bound both Pep-25-bio 
and Pep-25W231A-bio as ligands, and Pep-13W231A efficiently competes for ligand binding to PERU‘. All 
experiments were performed 3 times with similar results and representative experiments are shown. 
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including species of the genus Phytophthora (27). 
Genetic engineering provides one way of in- 
creasing plant resistance in crop plants. Ectopic 
expression of plant PRRs is known to confer 
novel microbial pattern recognition specificities 
and enhanced pathogen resistance to crop plants 
(16, 21, 28, 29). For infection assays with the 
virulent P. infestans isolate, Dinteloord, we ob- 
tained four potato cultivar Atlantic lines stably 
expressing p35S::PERU, and two DM lines stably 
transformed with CRISPR-Cas9 and 4 sgRNA 
to disable PERU gene expression. By scoring 
disease lesions four days post infection we found 
that PERU-transgenic lines were significantly 
less damaged when compared with WT plants 
or to lines transformed with vector only (Fig. 
2D). Likewise, CRISPR-Cas9-generated peru 
mutant lines were significantly more suscepti- 
ble to infection when compared with WT DM 
(Fig. 2E). Hence, PERU confers quantitative 
resistance against the pervasive potato late 
blight pathogen. 


Diversification of PERU ligand specificities in 
wild potato populations 


Pep-13/25-induced plant defenses have been 
studied in parsley and potato cell suspensions, 
as well as in leaves of a cultivated potato clone, 
Désirée (7, 10). Alanine scanning mutagenesis 
of Pep-13 sequences revealed that mutant Pep- 
13W231A abolished elicitor activity, mutation 
of proline 234 (Pep-13P234A) reduced it, and 
replacement of the remaining amino acid 
residues (including tyrosine 241, Pep-13Y241A) 
did not significantly affect activities of the mu- 
tant peptides (7, 8, 10). We found the same pat- 
tern of ligand responses in the Pep-25-sensitive 
genotype DM, which was used for PERU iden- 
tification (Figs. 1A, 3A, and data S1). To deter- 
mine the frequency of biologically active PERU 
alleles in Solanum sect. Petota (30), we analyzed 
476 genotypes corresponding to 98 species (97 
wild, and 1 cultivated potato species) for cell 
death triggered by Pep-25 and its described 
mutant variants (data S1). 350 (74%) of these 
genotypes did not develop cell death in re- 
sponse to Pep-25, indicating that most wild 
Solanum genotypes in this collection lack an 
active PERU allele (data S1). Pep-25 and its 
mutants were tested for cell death induction 
on all 126 Pep-25-sensitive genotypes (Fig. 3A). 
Overall, we observed at least five different recog- 
nition specificities, including substantial qual- 
itative and quantitative variations in their 
abilities to respond to Pep-25 and its mutants. 
Wild potato genotypes grouped in class 1 include 
DM and exhibit the same ligand response 
patterns as described for cultivated potato cul- 
tivar Désirée previously (7, 8, 10) (Fig. 3A). These 
accounted for 25% of all Pep-25-sensitive geno- 
types (Fig. 3A). Other genotypes showed respon- 
siveness to Pep-13W231A but failed to respond 
to Pep-13P234A (class 2), others failed to respond 
to both Pep-13P234.A and Pep-13W2411A (class 3), 
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and some genotypes failed to respond to all mu- 
tant peptides of Pep13 (class 4). Some Solanum 
genotypes, such as Solanum leptophyes (LPH) 
680-5, exhibit sensitivities to all Pep-25 variants 
tested and were categorized as class 5 genotypes 
(Fig. 3A). Altogether, our findings reveal that 
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wild Solanum species bear diverse PERU alleles 
that differ from PERU” and thus encode PRRs 
with distinct ligand specificities. 

We assessed plant defense and cell death- 
inducing activities of Pep-25 WT and mutant 
peptides in potato genotypes expressing PERU-™” 
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(class 1 genotype) or PERU“ (class 5 genotype) 
(Fig. 3B) in greater detail. We found that 
PERU™“""-expressing plants recognized all Pep-25 
variants, whereas PERU” did not mount cell 
death in response to Pep-25W231A. To corrobo- 


rate these findings and to rule out that potato 
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Fig. 4. Phylogenetics and geographic distribution of PERU. (A) Heatmap 
representation of presence/absence of PERU homologs across Solanum species. 
The PERU™, PERULPH and the Pep-13 responsive homologs grouped together in 
a single clade whereas the nonresponsive homologs were distributed throughout 
the phylogenetic tree. Bootstrap values are shown for the clade containing all 
tested homologs (0.87) and the clade containing the responsive PERU™ 
homologs (0.98). The Solanum phylogeny was adapted from (48). (B) Kernel 
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density distribution map of 266 genotypes insensitive to Pep-25 that are 
distributed from the Southern USA to Northern Chile; and (C) Kernel density 
distribution map of 98 sensitive genotypes that cluster in Peru and Bolivia. Red 
shades indicate high density, yellow shades indicate lower density, the blue dots 
represent individual geo-coordinates of accessions, and bar plots represent the 
number of genotypes along different latitudes of the continent. Available geographic 
coordinates of 364 genotypes (data S1) were used to elaborate the maps. 
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genotype-specific properties account for altered 
PERU ligand binding specificities, we transiently 
expressed PERU or PERU“""-encoding se- 
quences in Pep-13-insensitive S. hjertingii. Again, 
infiltration of Pep-25 WT and mutant peptides 
yielded the same response pattern as observed 
previously (Fig. 3B), with all Pep-25 mutants 
inducing cell death in PERU” plants only (Fig. 
3C). Thus, differences in ligand specificities of 
PERU proteins from PERU?’ or PERU‘?"- 
expressing plants are features of the receptor 
proteins themselves rather than of co-receptors 
or other auxiliary factors. 

We further analyzed biological activities of 
Pep-25 and its mutants by quantifying elicitor- 
induced production of the stress hormone 
ethylene in PERU or PERU” potato plants 
and in S. Ajertingii plants transiently trans- 
formed with either PERU allele (Fig. 3, D and 
E). Determination of elicitor concentrations 
required to induce half-maximal ethylene pro- 
duction (ECs) corroborated qualitative data 
from cell death assays (Fig. 3, B and C). Pep- 
25W231A proved as active as Pep-25 only when 
tested on PERU””"-expressing plants. We found 
substantially reduced or no activity of this 
peptide in plants expressing PERU” (Fig. 3, D 
and E). In agreement with that, PERU” plants 
bound both Pep-25-bio and Pep-25W231A-bio 
in receptor-ligand binding assays (Fig. 3E). Like- 
wise, Pep-13W231A efficiently blocked ligand 
binding to PERU" (Fig. 3E), but not to PERU™ 
(Fig. 2A). Altogether, our data obtained from 
ligand binding assays and from plant defense 
activation studies confirm that PERU?” and 
PERU encode related LRR-RK immune re- 
ceptors that have diversified in ligand specifici- 
ties. Our findings further suggest that functional 
diversification has occurred within this immune 
receptor family during evolution, resulting in 
PERU alleles that recognize Pep-13 variants not 
recognized by others. 


Evolutionary history of PERU 


To obtain information about the origin of 
PERU alleles, we studied their geographic dis- 
tribution and genetic variation (Fig. 4). We 
developed a computational pipeline to extract 
PERU sequences from 6,630,292 predicted 
proteins from 124 Solanaceae genome assem- 
blies and for comparison extracted sequences 
of FLS2 (FLAGELLIN-SENSING 2), a conserved 
LRR-RK that detects bacterial flagellin (fig. S8 
and data S2) (3). Both PERU and FLS2 clus- 
tered in well-supported clades within the LRR- 
RK subgroup XII indicating a monophyletic 
origin within the Solanaceae (fig. S9) (5). All 
plant LRR-RK-type PRRs currently known fall 
into this clade, including Arabidopsis FLS2 and 
EF-TU RECEPTOR (EFR), or rice Xa21 (16, 37). 
This pipeline yielded 114 PERU clade sequences 
from 17 species and 180 FLS2 clade sequences 
from 33 species with the PERU clade sequen- 
ces exhibiting markedly more diversity than the 
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FLS2 clade (fig. S9 and data $3, S4, and S5). The 
same primers employed to isolate PERU (DM) 
facilitated the isolation of 26 responsive homo- 
logs and 25 nonresponsive homologs (data S6). 
The amplified and genome-extracted sequence 
datasets were then combined for phylogenomic 
analyses, which revealed that the PERU se- 
quences encoding Pep-13-responsive PERU 
alleles fall into one clade whereas the non- 
responsive homologs are scattered throughout 
the tree (Fig. 4A and fig. S10, A and B). The 
PERU‘?™ sequences are embedded within a 
tighter PERU clade indicating that evolution 
of a new ligand specificity and, hence, func- 
tional diversification has occurred within the 
PERU receptor family of Solanum (Fig. 4A and 
fig. S10OA). Our phylogenomics analyses of 
PERU sequences further suggest that potato 
PERU and the PEP-13 receptor in parsley 
are distinct proteins, although they share simi- 
lar ligand specificities (Fig. 3) (7, 10). 
Metazoan and plant immune receptors have 
been targeted by positive, diversifying selection, 
which accelerates the divergence between homo- 
logous proteins (32, 33). To identify amino acids 
under diversifying selection in the proteins en- 
coded by PERU alleles, we applied maximum 
likelihood models of codon substitution using 
the program codeml from PAML (34, 35). We 
found a total of 11 residues (S118, E172, L194, 
Q198, R245, E339, E391, L392, A416, Q489, R590) 
to be under positive selection according to the 
three models tested (table $1). We further used 
AlphaFold2 to predict the tertiary structure of the 
PERU™ ectodomain (fig. S11). All residues but 
one (S118) found to be under positive selection 
are located on the concave side of the LRR struc- 
ture, consistent with observations made for bind- 
ing of the bacterial flagellin epitope flg22 to the 
Arabidopsis LRR-RK FLS2 (36). As observed for 
other immune receptors, diversifying selection 
may have driven functional diversification of 
PERU receptors in wild potato populations. 
We further observed that Pep-25-insensitive 
genotypes were found across the American 
continent ranging from the US to Chile and 
Argentina (Fig. 4B). By contrast, Pep-25 sensi- 
tivity clustered among species belonging to 
the section Tuberosa or Piurana—which thrive 
predominantly in the Andean region of Bolivia 
and Peru (Fig. 4C)—which suggests that the 
PERU receptor family arose in this region. Wild 
potatoes carrying PERU” alleles also cluster 
in this region, suggesting that functional diver- 
sification of PERU alleles in wild potato popula- 
tions has occurred at its center of origin. PERU 
alleles from multiple potato cultivars used today 
for crop production all cluster with PERU?” 
(Fig. 4A and fig. SIOA), suggesting that PERU 
has been maintained during domestication (13). 


Discussion 


In this study, we characterize potato PERU as 
a bona fide plant PRR conferring P. infestans 
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recognition. PERU binds Pep-13/25 patterns 
that are conserved among species of the genus 
Phytophthora, hetero-dimerizes with BAK1 in 
a ligand-dependent manner, mediates activa- 
tion of plant immunity, and increases resistance 
to a devastating potato disease. 

Different ligand response specificities observed 
among wild Solanum accessions indicate that 
functional diversification within this PRR fa- 
mily has occurred at the site of origin of the 
predominant allele, PERU. The explicit use 
of wild potato populations instead of plant 
materials that have undergone substantial 
genetic rearrangements during crop breeding 
implies that natural forces have been major 
drivers of immune receptor diversification. 
The Pep-13 pattern is widespread and highly 
conserved among plant-associated oomycetes 
(10), a trait that has likely facilitated the evo- 
lution of plant PRRs that recognize it. Although 
residue W231 is invariant in known sequences 
of Phytophthora TGs, polymorphisms affect- 
ing the elicitor activity of WT Pep-13 might 
occur as pathogen pressure in defined ecological 
niches is assumed to shape immune receptor 
reservoirs in metazoans and plants (5). It is thus 
conceivable that functional diversification of 
PERU was driven by escape mutations within 
Phytophthora Pep-13 patterns that enable Pep- 
13-producing pathogen strains to elude recog- 
nition by the predominant allele, PERU™. 
Microbial evasion strategies to avoid plant im- 
mune activation encompass alterations within 
immunogenic patterns, thus disabling their 
recognition by plant PRRs (37, 38). In turn, indi- 
vidual plant species have evolved to perceive 
polymorphic patterns or, alternatively, structur- 
ally unrelated immunogenic molecules (39-43). 
Likewise, phylogenetically distinct PRRs have 
evolved in different plant species to recognize 
structurally unrelated epitopes within individ- 
ual microbial patterns (44, 45). 

We report here the identification of a potato 
cell surface PRR from the Central Andes and 
its natural origin in wild potatoes. Our analysis 
highlights PRR diversification in sympatric, na- 
tural potato populations. 
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Aging impairs the neurovascular interface 
in the heart 


Julian U. G. Wagner’, Lukas S. Tombor'%, Pedro Felipe Malacarne“, Lisa-Maria Kettenhausen’, 
Josefine Panthel!, Haris Kujundzic!, Nivethitha Manickam?*, Katja Schmitz‘, Maria Cipca’, Kathrin A. Stilz’, 
Ariane Fischer’, Marion Muhly-Reinholz’, Wesley T. Abplanalp'?*, David John’, Sarajo K. Mohanta?©”, 
Christian Weber®*7, Andreas J. R. Habenicht®*’, Giulia K. Buchmann‘, Stephan Angendohr®, 
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Sebastian Clauss’°"*", Stefan Giinther*”°, Thomas Boettger”*7°, Thomas Braun”*"°, Christian Bar’”"8, 
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Andreas M. Zeiher?, Ralf P. Brandes?*, Guillermo Luxan'%, Stefanie Dimmeler!?>* 


Aging is a major risk factor for impaired cardiovascular health. Because the aging myocardium is 
characterized by microcirculatory dysfunction, and because nerves align with vessels, we assessed the 
impact of aging on the cardiac neurovascular interface. We report that aging reduces nerve density in 
the ventricle and dysregulates vascular-derived neuroregulatory genes. Aging down-regulates microRNA 
145 (miR-145) and derepresses the neurorepulsive factor semaphorin-3A. miR-145 deletion, which 
increased Sema3a expression or endothelial Sema3a overexpression, reduced axon density, mimicking 
the aged-heart phenotype. Removal of senescent cells, which accumulated with chronological age in 
parallel to the decline in nerve density, rescued age-induced denervation, reversed Sema3a expression, 
preserved heart rate patterns, and reduced electrical instability. These data suggest that senescence- 


mediated regulation of nerve density contributes to age-associated cardiac dysfunction. 


he vasculature and nervous system form 

complex, highly branched networks, which 

are frequently interdependent and func- 

tionally linked. Vessel-nerve alignments 

are mediated by nerve-derived signals that 
act on endothelial cells (ECs) or conversely by 
vascular signals that control nerve-fiber align- 
ment along a preformed vessel template (1). 
Thereby, guidance cues such as semaphorins, 
Eph/ephrins (erythropoietin-producing hepato- 
cellular carcinoma/Eph receptor-interacting 
proteins), and vascular endothelial growth fac- 
tor (VEGF)/VEGF receptor (VEGFR) regulate 
vessels and neurons and extend or repel axonal 
growth (2). Afferent and efferent cardiac neu- 
rotransmission via sympathetic and para- 
sympathetic cardiac nerves modulates many 
physiological functions of the heart. Thus, 
imbalances of either branch can lead to arrhyth- 
mias. For example, impaired cardiac para- 
sympathetic activity is a negative prognostic 


indicator and can lead to ventricular arrhyth- 
mia (3, 4), whereas both excessive (5-7) and 
reduced (8) sympathetic activity can also result 
in arrhythmias. Moreover, cardiac denervation 
causes silent ischemia and lethal arrhythmia 
in diabetic hearts (4, 8, 9). In addition to the 
control of electrical stability, innervation has 
other functions and, for example, is essential 
for regeneration of the heart, as shown in post- 
natal postinfarction-regeneration models in mice 
(0, 11). In the vasculature and in other organs, 
innervation can control inflammation (72, 13). 
However, whether aging has an impact on 
cardiac innervation on a cellular and mecha- 
nistic level is unknown. 


Results 
Aging causes declines in sympathetic, 
parasympathetic, and sensory fibers 


We explored the impact of aging on nerve 
density in old mice. We used 18- to 20-month- 


q 


old male C57Bl/6J mice, which revealed | Se 
stolic dysfunction, although ejection frac. 
was preserved (fig. S1, A and B). Pan-neuronal 
staining for class III B-tubulin (TUJ1) showed 

a robust reduction of axon density in 18-month- 
old mouse hearts compared with those of 
3-month-old male young mice (Fig. 1A). A sim- 
ilar decline in neuron density was observed in 
old female mice (fig. S2, A and B). 

The age-induced reduction in nerve density 
was specifically detected in the left ventricle 
(LV), whereas innervation in the right ven- 
tricle (RV) was comparable between old and 
young mice (Fig. 1, B and C). The extent of age- 
dependent decline in the epicardial region was 
not as strong as in the subendocardial and 
myocardial regions, but high-magnification 
images demonstrated a robust decline of sub- 
epicardial axon density in aged hearts as well 
(Fig. IB and fig. S3A). This observation was fur- 
ther confirmed in whole-mount staining ofold_ - 
mouse hearts, which showed a decline in ner- 
vous fibers across the left wall (Fig. 1D). However, 
no induction of apoptosis or cell death-related 
gene expression were detected in old mice stel- 
late ganglia, which are the source of cardiac 
sympathetic innervation (Fig. S3, B and C, and 
data S1). To assess the specific time point when 
denervation starts, we performed a time-course 
study showing a decline of total nerve density 
already at 16 months of age with a further de- 
cline at 22 months (Fig. 1E and fig. S3, D and E). 

Next, we assessed which types of nerves are 
affected by aging. The heart is innervated by 
sympathetic, parasympathetic, and sensory 
fibers, which are commonly stained for tyro- 
sine hydroxylase (TH) (/4, 15), choline acetyl- 
transferase (CHAT) (16, 17), and calcitonin 
gene-related peptide (CGRP) (78), respecti- 
vely. TH-positive nerves were present in both 
ventricles but were selectively reduced in the 
LV of aged mice with time kinetics similar to 
that of total nerves (Fig. 1F and fig. S3, F and 
G). CHAT-positive nerves were selectively 
found in the atrioventricular (AV) area and 
were also reduced in old mouse hearts (Fig. 1G 
and fig. S3H), whereas innervation was not 
changed in the sinoatrial node (fig. S31). The 
expression of acetylcholinesterase and TH 
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Fig. 2. Endothelial-derived semaphorin-3A reduces axon density in the 
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4) and CGRP (red) as marker for sensory nerves (n = 6 
he quantification of the data shown in (B). (D) GO 


vous system-related differentially expressed genes in bulk RNA 


sequencing data of isolated cardiac endothelial cells from young (3 months) 


versus old (20 


months) m 


ice (n = 6 versus n = 6). (E) Expression of Sema3a, Ntnl, 


assessed with microarray (n = 4 versus n = 4). (H 
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(n = 4 in vitro experiments versus n = 4). (I) IF stain 
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emale miR-143/145'°"° mice. 


SMA (magenta) and IB4 (red) served as control staining (n = 4 mice versus n = 3). 


(J) IF staining of TUJ1 (green) in hearts derived from 


young (3- to 4-month-old) male 


and female miR-143/145'°"° mice. SMA (magenta) and |B4 (red) served as control 
staining (n = 4). (K) Human iPS-derived cardiac organoids were treated with human 


recombinant semaphorin-3A (500 ng/ml) or phosph 
for 3 days. TUJ1 (green) served as neuronal marker 


ate-buffered saline as control 
(n = 5 organoids versus n = 5). 


(L) Retargeted adeno-associated virus 9 (AAV9) encoding either fLuc2 (EC-AAV9- 
fluc2) or Sema3a (EC-AAV9-Sema3a) were intravenously injected to young 


and Slit3 mR 


was not changed in the aging brain (fig. S3J). 
Sensory nerves were exclusively detected in 
perivascular regions and were also diminished 
with age (Fig. 1H). Aging additionally resulted 
in a higher incidence and severity of ventricular 
tachycardia in Langendorff-perfused hearts 
of 18-month-old mice compared with those 
of young mice (fig. $4), which documented in- 
creased electrical instability. These data dem- 
onstrate a decline of cardiac innervation in the 
LV of old-aged mice. 


Neurovascular interactions in the aging heart 


The vasculature and the nervous system co- 
develop and remain aligned in the mature heart 
(Fig. 2A). To address whether the decline in 
nerve density may be secondary to age-related 
capillary rarefaction, we histologically assessed 
capillary density over 22 months (fig. S5A). 
Capillary density as assessed by isolectin B4 
(IB4) or intercellular adhesion molecule 2 
showed a decline only at 22 months, whereas 
capillary perimeter increased (fig. S5). However, 
nervous fiber density declined at 16 months of 
age, and vascular alignment of the various nerve 
types was diminished in 20-month-old mouse 
hearts (Fig. 2, B and C). These findings suggest 
that the reduction of nerves is not caused by 
capillary rarefaction but may be secondary to a 
dysregulation of capillary function and pos- 
sibly alterations in neuroguidance cues in the 
vasculature. 

To address whether neuroguidance cues 
might be dysregulated in the cardiac endothe- 
lium of the aging heart, we isolated cardiac 
ECs from young and old mice and performed 
RNA sequencing (data $2). Gene Ontology (GO) 
term analysis of induced genes demonstrated 
pathways assigned to “neuronal death” and 
“axon injury” (Fig. 2D and fig. S6A). Genes in 
these pathways include semaphorin-3A (Sema3a) 
(Fig. 2E), which patterns the autonomic nervous 
system during development (79). Semaphorin- 
3A is also essential to maintain normal heart 
rhythm through sympathetic innervation pat- 
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A [fragments per kilobase of transcript per million mapped reads 
(FPKM)] in cardiac ECs (cECs) isolated from young (3 months) versus old 

(20 months) mice (n = 6 versus n = 6). (F) IF staining of semaphorin-3A (green) 
and IB4 (red) male in young (3 months) and old (20 months) LVs. (n = 3 versus 
n = 3). (G) Expression of miR-145 in total hearts from young and old mice as 


terning but induces vulnerability to arrhythmias 
if overexpressed in cardiomyocytes (5). In addi- 
tion, we found up-regulation of members of the 
Slit/Robo family, such as Slit3, which can me- 
diate repulsive signals (20), and Netrin-1 (Nin1), 
a laminin-related secreted protein (Fig. 2E), 
which may switch attraction to repulsive re- 
sponses in a dose-dependent manner (27). Re- 
cent studies suggest that the combination of 
guidance factors (such as Slit-family members 
and Netrin-1) can act in concert to modulate 
cellular responses (27). Validation of protein 
expression confirmed the up-regulation of 
semaphorin-3A in aged mouse hearts (Fig. 2F) 
and also showed that semaphorin-3A is predo- 
minantly expressed by vascular cells (fig. S6, 
B and C). 


Endothelial Sema3a is regulated by miR-145 and 
induces denervation 


Because both overexpression and deletion 
of Sema3a may lead to sudden cardiac death 
and ventricular fibrillation (6), we investi- 
gated upstream pathways, which may control 
age-induced induction of Sema3a. Sema3a- 
mRNA has two miR-145 binding sites in the 
3’ untranslated region (3/UTR) (22) (fig. S7A), 
and miR-145-5p was one of the predicted miRs 
that was also reduced in the aging heart (Fig. 
2G and fig. S7A). Therefore, we hypothesize 
that miR-145 might repress Sema3a in the 
young heart. Overexpression of miR-145 in- 
deed repressed SEMA3A in human umbilical- 
cord vein ECs in vitro (Fig. 2H). Furthermore, 
mice in which m7R-143/145 were deleted (mik- 
143/145°"" mice) showed increased semaphorin- 
3A among vessels (Fig. 21) and reduced axon 
density (Fig. 2J and fig. S7B) even at a young 
age (3 to 4 months). To determine the di- 
rect effect of semaphorin-3A on neurites, we 
treated cultured neurons with recombinant 
semaphorin-3A, which reduced neuronal cell 
sprouting in vitro (fig. S7C). Recombinant 
semaphorin-3A further reduced TUJ1* fiber 
density in human induced pluripotent stem 
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(3-month-old) male mice. One week after injection, mice were euthanized, and 
hearts were histologically assessed with TUJ1 (green), SMA (magenta), and 

IB4 (red) (n = 3 mice versus n = 3). Data are shown as means, and error bars 
indicate the SEM. After passing normality test, P values were calculated with the 
unpaired, two-tailed t test. 


(iPS) cell-derived cardiac organoids (Fig. 2K). 


Transient endothelial overexpression of Sema3a_ ~ 


with adeno-associated viral (AAV) vectors, 
which are coated with an endothelial-targeting 
peptide linked to polyamidoamine (PAMAM) 
to enrich for endothelial tropism (23), reduced 
nerve density in vivo (Fig. 2L and fig. $7, D to F). 
These data suggest that the miR-145-Sema3a- 
axis modulates cardiac nerve density in the 
aged heart. 


Endothelial-cell senescence induces denervation 


Sema3a was also up-regulated in senescent 
ECs, which were generated by continuous pa- 
ssaging to induce replicative senescence as 
evidenced by acidic B-galactosidase (f-gal) 
staining (Fig. 3, A and B). Cellular senescence as 
measured with acidic B-gal staining, CellEvent 
green detection, and p16** staining, was in- 
duced concomitantly in the aging mouse hearts, 
when neuronal density declines between 16 and 
20 months (Fig. 3, C to E, and fig. S8, A and B). 
Moreover, genetic models of premature senes- 
cence, such as fourth-generation 7é ert’ mice 
that lack telomerase, confirmed a decline in total 
and sympathetic nerve density (Fig. 3, F and G, 
and fig. S8C). By applying a senescence score 
(24) to our previously published single-nuclei 
RNA (snRNA) sequencing data from young 
versus old mouse hearts (25), we identified ECs 
as having acquired the most senescent pheno- 
type (fig. S9A). Bulk RNA sequencing data of 
isolated cardiomyocytes (26), fibroblasts (25), 
and ECs confirmed the up-regulation of senes- 
cence marker genes predominantly in aged 
cardiac ECs (fig. SOB). The expression of Sema3a 
and other neurorepelling factors was augmented 
in ECs with the highest senescence scores 
(fig. S9C). This suggests that endothelial se- 
nescence might contribute to neuronal repul- 
sion or death. Indeed, the selective induction 
of EC senescence in young animals through 
endothelial-specific overexpression of progerin 
(27) reduced the density of TUJ1-positive nerves 
compared with that of control littermates 
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served as counterstain (n = 4 versus n = 4). (H) TUJ1 staining (green) on heart 
sections of female and male Prog transgenic (Prog-TG) mice versus control 
littermates [Prog wild type (Prog-WT) (6 to 7 months)]. IB4 (red) served as 
counterstain (n = 4 versus n = 4). (I) Neurite length analyzed on mouse cortical 
neurons treated with cell-culture supernatants from HUVECs at P2 or P15. 
Soluble NRP1 (100 ng/ml) was added to block semaphorin-3A activity. 
Microtubule-associated protein 2 (MAP-2) was used as neuronal marker (green), 
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growth was determined by measuring the mean neurite length per neuron 

(n = 3 in vitro experiments per group). Data are shown as means, and error bars 
indicate the SEM. After passing normality test, P values were assessed with 
the unpaired, two-sided t test [(A), (E), (F,) (G), and (H)]. Multiple groups were 
compared by using a one-way ANOVA with a Tukey's post hoc test [(D) and (I)]. 
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Fig. 4. Senolysis rescues axon density in aged mice. (A) Schematic 
experimental setup. 18- to 19-month-old male mice received a combination of 
the two senolytic drugs, dasatinib and quercetin, on 3 consecutive days, every 
second week, for a total duration of 2 months. Young (3 to 4 months) and 

old mice receiving the vehicle (placebo) served as control cohorts. (B) Acidic 
B-gal staining on heart sections of old male mice after senolytic treatment versus 
heart sections of the control groups as described in (A). (C) The quantification 
of acidic B-gal positive area [young (placebo), n = 5 mice versus old (placebo), 
n = 3 versus old (senolytics), n = 5]. (D) TUJ1 (green), SMA (magenta), and 

IB4 (red) staining on heart sections of male old mice after senolytic treatment 
versus heart sections of the control groups described in (A) [young (placebo), 
n=7 versus old (placebo), n = 7 versus old (senolytics), n = 9]. (E and 

F) Sympathetic fibers in hearts from old (placebo) versus old (senolytics) mice by 
TH staining (green). IB4 (red) and SMA (magenta) served as counterstain. 

(E) shows the overall sympathetic fiber density, and (F) shows the arterial 
innervation (n = 4 versus n = 4). (G) Sensory nerves in the arterial space were 
assessed with TUJ1] (green) and CGRP (red). SMA (magenta) and |IB4 (blue) served 
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as counterstain (n = 3). (H) Uniform manifold approximation and projection (UMAP) 
visualizing snRNA sequencing of old male mice after placebo and senolytic 
treatment (n = 3 versus n = 3). (1) GO terms analysis of significantly up-regulated 
genes (cutoff, P < 0.05) in ECs upon senolytic treatment. Listed are the top 

10 regulated GO terms. (J) Sema3a mRNA [mean unique molecular identifier (UMI)] 
expression in the endothelial cluster of the snRNA sequencing data shown in (H). 
(K) Total RNA was extracted from isolated cardiac ECs from Prog-WT versus 
Prog-TG mice. Expression of miR-145 was determined with TaqMan polymerase 
chain reaction (PCR). U6 served as a housekeeping gene (n = 6 versus n = 6). 
(L) Total RNA was isolated from whole-heart samples of placebo versus senolytics- 
treated old mice. Expression of miR-145 was determined with TaqMan PCR. U6 
served as a housekeeping gene (n = 4 versus n = 4). Data are shown as mean, and 
error bars indicate the SEM. After passing normality test, P values were assessed 
with the unpaired, two-tailed t test [(E), (F), (G), (K), and (L)]. For comparing 
multiple groups, an ordinary one-way ANOVA with a Tukey's post hoc Tukey 

test was used [(B) to (D)]. To assess the P value of snRNA sequencing data, 

a cluster t test was used (J). 
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Fig. 5. Heart rate variability 
(HRV) is altered by senes- 
cence. (A) HRV was assessed 
as LF/HF ratio and SDNN 
remotely in 3-month-old versus 
18-month-old male mice by 
telemetry (n = 9 versus n = 19). 
(B) HRV was assessed as LF/ 
HF ratio and SDNN remotely in 
3- to 4-month-old male and 
female Prog-TG mice versus 
control littermates (Prog-WT) 
(n = 5 versus n = 4). (C and 
D) HRV (LF/HF and SDNN) 
assessed from young versus 
old mice [(C), n = 9 versus n = 
19] and from Prog-WT versus 
Prog-TG mice [(D), n = 5 versus 
n = 4] at day and night. (E to 
G) 18-month-old mice were 
treated with 5 mg/kg dasatinib 
and 50 mg/kg quercetin 
(senolytics) on 3 consecutive 
days, every second week for 

2 months. (E) HRV (LF/HF) 
was assessed remotely with 
telemetry. Three-month-old 
(young) and 18-month-old (old) 
mice receiving the solvent as 
placebo served as contro 
groups (n = 6 to 9 versus n = 8 
versus n = 11). LF/HF was 
assessed at baseline and at 2, 
4, and 8 weeks of senolytic 
treatment. (F) LF/HF ratio 
during day and night. 

(G) Night/day ratio of LF/HF at 
baseline and 4 weeks upon 
senolytic treatment. (H) Ven- 
tricular arrhythmia (VA) score 
ex vivo in hearts from old mice 
upon senolysis. Young and 

old mice receiving placebo 
served as control groups (n = 7, 
n=/7,andn = 6). (I) Diastolic 
function was assessed as mitral 
valve E/E’ [E-wave velocity 

(E, early diastolic filling 
velocity)/early diastolic tissue 
velocity (E’)] in male young 
(3 months) versus old 
(18 months) mice after 
4 and 8 weeks of placebo 
and senolytic treatment 
(n = 5 versus n = 4 versus 

n = A). (J) Graphical summary. 
Data are shown as mean, 

and error bars indicate the 
SEM. After passing normality 
test, P values were assessed- 
with the unpaired, two- 

tailed t test [(A) to (E)]. For 
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multiple group comparison, an ordinary one-way ANOVA with a Tukey's post hoc test was used [(G) and (H)]. Data shown in (H) are not normally distributed 
(Kolmogorov-Smirnov or Shapiro-Wilk normality test), and P values were determined with a Kruskal-Wallis test with a Dunn's multiple comparison test. 
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(Fig. 3H). Different models of premature senes- 
cence indicate that the induction of (endothe- 
lial) senescence is sufficient to induce cardiac 
sympathetic denervation. 

To determine whether senescent EC-derived 
semaphorin-3A directly affects nerves, we tested 
the effects of supernatants of long-term cul- 
tured senescent human umbilical venous ECs 
or of cardiac ECs derived from young versus old 
mice on neurons. The supernatants of senes- 
cent ECs reduced neuronal sprouting (Fig. 31 
and fig. S10A). This effect was partially pre- 
vented by blocking semaphorin-3A with solu- 
ble recombinant neuropilin-1 (NRP1), which 
acts as a decoy to inhibit semaphorin-3A activ- 
ity (28) and by using anti-semaphorin-3A neu- 
tralizing antibodies (Fig. 3I and Fig. S10B), 
which confirmed that senescent endothelial- 
derived semaphorin-3A can indeed disturb 
neurite guidance in vitro. 


Senolytic treatment reduces the age-associated 
denervation 


To determine whether interfering with cellular 
senescence in vivo might prevent cardiac dener- 
vation in the aged heart, we treated old mice 
with 5 mg/kg dasatinib and 50 mg/kg quer- 
cetin, a combination of senolytics that reduces 
the number of senescent cells by targeting anti- 
apoptotic pathways and expands life span 
in vivo (29, 30). Treatment was applied by 
means of oral gavage to aged mice (18 months) 
on 3 consecutive days, every second week for a 
total duration of 2 months (Fig. 4A). At 2 months 
after the start of treatment, the number of sen- 
escent acidic B-gal-positive and pl6™*“positive 
cells were lower as compared with those in 
placebo-treated controls (Fig. 4, B and C, and 
fig. SI1A). The reduction in senescent cells 
from senolytic treatment was paralleled by a 
rescue of total nerve density as well as sympa- 
thetic and sensory nerves in the hearts of old 
mice (Fig. 4, D to G). Senolytic treatment addi- 
tionally abrogated the age-associated impair- 
ment of endothelial function because it inhibited 
age-induced increases in capillary perimeter 
and improved outgrowth of aortic ECs ex vivo 
(fig. S11, B and C). 

To provide mechanistic insights into how 
senolytics rescue cardiac innervation, we per- 
formed snRNA sequencing of old mouse hearts 
treated with senolytics or placebo (Fig. 4H). 
Senolytic treatment affected genes associated 
with “nervous system development” within 
the top-regulated genes of cardiac ECs (Fig. 
41 and data S3). Moreover, Sema3a, which we 
showed to be derepressed in the aging heart, 
was reduced in old-heart ECs but not in non- 
ECs such as fibroblasts after senolytic treat- 
ment (Fig. 4J and fig. S12). The expression 
of miR-145, which is reduced in aging hearts 
(Fig. 2G) and in endothelial progeria mice 
(Fig. 4K), was partially rescued upon senolysis 
(Fig. 4L). These data suggest that the reduc- 
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tion of senescent cells in aged hearts augments 
miR-145 expression and reduces Sema3a ex- 
pression, which potentially restores cardiac 
innervation. 

To determine the effect of aging, endothelial 
senescence, and senolytic treatment on auto- 
nomic and electrical instability, we addition- 
ally measured heart rate variability (HRV), 
which is indicative of an impairment of both 
parasympathetic and sympathetic innervation 
in the elderly and has a negative prognostic 
value (37). Increased age, induction of endo- 
thelial senescence, or endothelial overexpres- 
sion of Sema3a in 3- to 4-month-old mice 
reduced HRV as assessed by the ratio of low 
frequency to high frequency (LF/HF) and stan- 
dard deviation of normal-to-normal (SDNN) 
heartbeat intervals (Fig. 5, A and B, and fig. S13, 
A and B). All three conditions also impaired the 
day-night rhythm (Fig. 5, C and D, and fig. S13, 
A and B). Senolytic treatment reversed the age- 
associated decline in HRV as assessed from the 
LF/HF ratio and SDNN as early as 2 weeks after 
the start of treatment (Fig. 5E and fig. S13C). 
Two months of senolytic treatment further 
improved the LF/HF ratio in aged mice and 
restored the characteristic day-night rhythm, 
whereas old control mice further deteriorated 
in their autonomous function (Fig. 5, F and G). 
Additionally, senolytics-treated old mice were 
slightly more responsive to sympathetic acti- 
vation by atropine and showed a higher re- 
sponse to the blockade of autonomic control 
by the combination of atropine and metoprolol, 
even though the physical activity of these mice 
was not significantly changed (fig. S13, D to F). 
In addition, senolytic treatment reduced vulne- 
rability to arrhythmia 8 weeks after treatment 
(Fig. 5H). These data indicate that senolytic 
treatment induces a reinnervation of the aging 
heart, restores the sympathovagal balance, and 
reduces electrical instability. 

Because aging is associated with a decline in 
diastolic function, we further addressed the 
effects of senolytics on cardiac function by 
using echocardiography. Indeed, senolytic treat- 
ment improved cardiac function as evidenced by 
a normalized diastolic function at 4 and 8 weeks 
of treatment (Fig. 51, fig. S14, and table S1). 
Senolytic treatment additionally reduced car- 
diac fibrosis (fig. SI5A). To address whether 
denervation and senescence may be linked to 
cardiac fibrosis, we determined cardiac fib- 
rosis in our other models. However, neither 
miR-143/miR-145 deficiency nor premature 
senescence induced fibrosis (fig. S15, B to D). 
By contrast, pharmacological short-term dener- 
vation by 6-hydroxydopamine (6-OHDA) aug- 
mented cardiac fibrosis (fig. S16). Furthermore, 
we determined the effects of senolytics on car- 
diac inflammation. Whereas senolytic treat- 
ment reduced the age-associated increase in 
macrophage accumulation (fig. S17A), miR-143/ 
miR-145 deficiency or endothelial overexpres- 
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sion of Sema3a did not affect macrophage 
numbers (fig. S17, B and C). 


Discussion 


In this study, we demonstrated that aging 
reduces axon density in the heart. Aging-induced 
decline in axon density was associated with re- 
duced miR-145 and derepression of its target, 
the neuronal repulsive signal semaphorin-3A, 
which induces electrical instability in the heart 
(5) (Fig. 5J). Unexpectedly, induction of cellular 
senescence, which is a hallmark of aging, was 
inversely correlated with the onset of axon 
decline. Targeting senescent cells pharmaco- 
logically was sufficient to prevent the decline 
in axon density and reduced Sema3a expres- 
sion in the aging heart, suggesting a key role 
of senescent cells in cardiac denervation. Se- 
nescent cells release numerous secreted fac- 
tors, termed “senescence-associated secretory 
phenotype” (SASP), which profoundly alter the 
microenvironment in the aging heart (32, 33). 
Although neuronal guidance factors have not 
been reported as part of the general SASP, 
semaphorin-3A is induced in senescent ECs 
and may represent a specific component of 
vascular SASP in the aging heart. 

The question of which cell type(s) further 
contribute(s) to the observed effects will need 
further studies. We demonstrated that the sel- 
ective induction of premature aging in ECs is 
sufficient to reduce nerve density. However, 
we cannot exclude the involvement of other 
cells in this process, especially because senolytic 
drugs may affect a broad range of cells. Al- 
though Sema3a was lowly expressed and not 
significantly regulated by senolytics in nonECs, 
neuronal- and axonal-related pathways were 
found within the top 25 regulated GO terms in 
some fibroblast clusters of mice treated with 
senolytics. These findings indicate that ECs 
may play a critical role in age-related dener- 
vation, but other cells such as pericytes or fi- 
broblasts may also contribute to the observed 
phenotype. 

Our study additionally demonstrates that 
senolytic treatment reduces vulnerability to 
arrhythmia and normalizes HRV and the cir- 
cadian rhythm. A decline in HRV is typically ob- 
served in the elderly, is indicative of impaired 
sympathetic and parasympathetic innervation, 
and is associated with increased electrical insta- 
bility leading to increased overall mortality (31). 
Our finding that senolytic treatment normal- 
izes HRV during aging therefore supports a 
functional benefit of the treatment. HRV and 
vulnerability to arrhythmias are controlled by 
various additional mechanisms, which might 
also be affected by senolytics. Thus, our study 
does not claim that the effects of senolytics on 
the electrical control of the heart are entirely 
mediated by the restoration of cardiac innerva- 
tion. Additionally, there is no doubt that aging 
also affects autonomic dysfunction in the brain. 
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However, the demonstration of a decrease in 
HRV in endothelial progeria mice supports the 
concept that EC senescence can affect the auto- 
nomous control of the heart. 

Innervation not only is important for the 
control of heart rhythm but also provides cri- 
tical paracrine factors, which, for example, con- 
tribute to cardiac regeneration (JO, 17). A decline 
in nerve density may consequently lead to deple- 
tion of nerve-derived factors influencing the repa- 
rative function of the heart, as was demonstrated 
for myocardial infarction in adult mice (34). 
Moreover, in other tissues, nerves interact with 
immune cells (35) and can control vascular in- 
flammation (12). Senolytic treatment reduced 
the age-associated accumulation of macrophages 
and fibrosis in the heart. However, miR-143/ 
miR-145 deficiency or endothelial overexpres- 
sion of Sema3a did not affect macrophage 
numbers in the heart at a time point when the 
decline in nerves was already profound. Addi- 
tionally, neither miR-143/miR-145 deficiency 
nor premature senescence induced cardiac fib- 
rosis. These data suggest that cardiac inflam- 
mation or tissue fibrosis is unlikely the direct 
cause of denervation. However, the rescue of 
denervation and an anti-inflammatory and 
antifibrotic response to senolytic treatment 
might together contribute to its overall bene- 
ficial anti-aging effects. Short-term pharmaco- 
logical denervation by 6-OHDA indeed augments 
cardiac fibrosis. The specific contribution of 
the sympathetic nervous system to the overall 
beneficial effects of senolytics deserves fur- 
ther in-depth analysis—for example, whether 
denervation over a prolonged period may affect 
inflammation and contribute to “inflammag- 
ing” and cardiac dysfunction. The findings we 
have presented may lay the ground to de- 
cipher neuronal cross-talk in the heart and its 
role in aging. 
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SENSATION 


PIEZO2 and perineal mechanosensation are essential 


for sexual function 


Ruby M. Lam*?, Lars J. von Buchholtz’, Melanie Falgairolle’, Jennifer Osborne’, Eleni Frangos?, 
M. Rocio Servin-Vences*, Maximilian Nagel’, Minh Q. Nguyen*, Monessha Jayabalan’, Dimah Saade°, 
Ardem Patapoutian*, Carsten G. Bénnemann®, Nicholas J. P. Ryba°, Alexander T. Chesler’®* 


Despite the potential importance of genital mechanosensation for sexual reproduction, little is known 
about how perineal touch influences mating. We explored how mechanosensation affords exquisite 
awareness of the genitals and controls reproduction in mice and humans. Using genetic strategies and in 
vivo functional imaging, we demonstrated that the mechanosensitive ion channel PIEZO2 (piezo-type 
mechanosensitive ion channel component 2) is necessary for behavioral sensitivity to perineal touch. 
PIEZO2 function is needed for triggering a touch-evoked erection reflex and successful mating in both 
male and female mice. Humans with complete loss of PIEZO2 function have genital hyposensitivity and 
experience no direct pleasure from gentle touch or vibration. Together, our results help explain how 
perineal mechanoreceptors detect the gentlest of stimuli and trigger physiologically important sexual 
responses, thus providing a platform for exploring the sensory basis of sexual pleasure and its 


relationship to affective touch. 


exual reproduction is a fundamental 

driver for animal behavior, and adap- 

tations required for courtship, including 

sexual ornamentation and ritual dis- 

plays, are cornerstones of evolutionary 
theory (1-3). Visual, auditory, and olfactory 
cues promote mating in various mammalian 
species (4-8); however, the act of copulation 
itself can be considered a specialized form of 
touch endowed with its own cortical field (9). 
Although the discovery of the mechanically 
gated ion-channel PIEZO2 (piezo-type mecha- 
nosensitive ion channel component 2) (0) has 
spurred remarkable progress in our under- 
standing of discriminative touch (11, 12), far 
less is known about mechanosensation in 
the genitals (13, 14), including how it triggers 
physiological responses and elicits pleasure. 
We hypothesized that sexual touch might 
exhibit unusual response specialization to con- 
trol mating and provide affective and mo- 
tivational feedback. We also expected that 
there would be sexual dimorphism both in 
sensation and in responses triggered by genital- 
innervating mechanosensors. To test these 
hypotheses, we developed a series of behav- 
ioral and functional imaging assays to probe 
the role of PIEZO2 in genital mechanosen- 
sation and sexual function. In addition, by 
exploring the impact of PIEZO2 loss of func- 
tion caused by a rare inherited syndrome, we 
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determined how these findings relate to hu- 
man sexual experience. 


Unusual sensitivity and PIEZO2 dependence 
of perineal touch 


A standard touch sensitivity test uses cal- 
ibrated von Frey filaments to measure detec- 
tion threshold. In mice, von Frey sensitivity of 
the glabrous hind-paw and hairy skin of the 
face have similar withdrawal thresholds (15-17) 
despite very different patterns of innervation 
(18). We adapted this assay to compare stim- 
ulation of the perineum (the region extend- 
ing from the anus to the genitals in male and 
female mice) with that of the plantar surface 
of the paw. In the hind-paw assay, mice res- 
pond by withdrawing the paw with no indi- 
cation of pain or distress. Our data (Fig. 1A) 
match literature reports, with filaments =0.4 g 
eliciting responses in the majority of trials, but 
filaments <0.16 g rarely provoking reaction 
(15, 17). By contrast, stimulation of the peri- 
neum evoked a highly stereotyped startle and 
investigative response (movie S1) both in male 
and female mice. Even the finest filament avail- 
able (0.008 g) elicited this reaction from every 
animal (Fig. 1B), demonstrating exquisite sensi- 
tivity of the perineum to forces below those that 
reliably trigger responses from other sites, even 
in mice with profound allodynia (15, 17); female 
mice were marginally but consistently more 
sensitive than males (Fig. 1B). 

The mechanically activated ion channel 
PIEZO2 is essential for discriminative touch 
in mice and humans (J/, 12). We anticipated 
that this mechanoreceptor would also be re- 
sponsible for the sensitivity of the perineum. 
Piezo2-null mice die as neonates (19); therefore, 
we generated conditional genetic deletions using 
a Hoxb8-Cre line (Piezo2"*) to target cells 
below the mid-thoracic region (17). We used 
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this strategy to assess the role of esses ee 


perigenital sensation and observed profo—— 


loss of behavioral response to von Frey fila- 
ments (Fig. 1C), with the highest force tested 
(1.4 g) eliciting responses in only ~40% of trials 
(movie S1). Local inhibition of the perineum 
with lidocaine attenuated von Frey responses 
of controls (fig. SI), and Piezo2"os responses to 
noxious mechanical pinprick were indistinguish- 
able from those of controls (Fig. 1C and movie 
Sl). Therefore, the Piezo2"*>® deficit is likely 
to be sensory rather than related to a move- 
ment disorder (20). These experiments dem- 
onstrated that PIEZO2 is crucial for triggering 
behavioral responses to the gentlest of peri- 
genital touch in mice; without this touch re- 
ceptor, von Frey stimulation of the genital 
region rarely elicited responses even at inten- 
sities considered noxious. 

We previously studied a rare cohort of peo- 


ple with biallelic loss-of-function variants of ~ 


PIEZO2 who have sensory deficits fully con- 
sistent with those described in animal models 
(11, 21). In our clinical interviews, five adult hu- 
man subjects with PIEZO2-deficiency syndrome 
(three male and two female) reported severe 
hyposensitivity in genital sensation (table S1); 
however, comprehensive quantitative testing 
has not been possible. One individual adult 
male consented to quantitative sensory testing 
of his genitalia during clinical evaluation. His 
penile von Frey detection threshold (3.1 + 1.5 g) 
was far higher than values reported in the litera- 
ture: 0.3 to 0.6 g in a similar location (22). He 
had difficulty detecting pressure below 1 kg/cm? 
at the midshaft and was insensitive to strong 
vibration at 50 and 100 Hz, which is consistent 
with our findings in mice. By contrast, litera- 
ture values for penile fine-touch pressure 
thresholds in a range of healthy men are far 
lower (23), and vibration is normally readily 
detected (23). 


Anatomy of perineal neurons 


Somatosensory neurons in the lower body have 
soma in lumbar (L1 to L6) and sacral (S1 to $4) 
dorsal root ganglia (DRG) (24). However, few 
details about the types or sensitivity of neurons 
that target the genitals are known. Multicolor 
cholera toxin subunit-b (CTB) tracing from both 
hind-paw and genitals robustly labeled neurons 
in SI and S2 DRG (fig. S2A) and distinguished 
neurons that target perigenital subregions 
(Fig. 1, D and E). Injections to the perineum, 
prepuce, and glans (male mice) or vaginal open- 
ing (female mice) resulted in largely nonover- 
lapping labeling of neurons with a range of 
cell diameters (Fig. 1D and fig. S2B). In both 
sexes, dense projections targeted the (L6 to 
$2) spinal cord, with perineal neurons (Fig. 1, 
D and E, cyan) synapsing in the touch recip- 
ient zone (25) of the lateral dorsal horn (Fig. 1E 
and fig. S2C). Neurons innervating male pre- 
puce (Fig. 1, D and E, yellow) projected to a 
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medial portion of the touch zone (Fig. IE), | A C57BI/6 as 

whereas glans axons (Fig. 1, D and E, magenta) 100 =e My 1004 FE 
terminated proximal to the central canal (Fig. = . a ne S “yi 
1E). In females, axons from the vaginal opening E ° e os] Bie z 157) 
targeted the medial dorsal horn, whereas those § 59 2 0.167 | Bo 
from the prepuce, which includes the clitoris, & 8 coal 2 

closely resembled those from the glans in males. £2 F 0.024 B 25- 

To visualize the peripheral anatomy of touch my Ps mete 7 P 
neurons in the perineum, we generated mice PSH Soe MoO noah ve ae? 
in which Piezo2-expressing neurons were se- | B Filament (9) ore 
lectively labeled by crossing a Piezo2-Cre allele 1009 jy = 14) 100-| pF: 
(26) into a neural-specific Snap25-LSL-GFP re- g e cal = |e 
porter line (27). Green fluorescent protein &” 5 0.44 ge 
(GFP) staining of cleared skin demonstrated 5 no z ee é 50-4 
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surrounding hair follicles (Fig. 1F), which is ~~ |i == 
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of low-threshold mechanosensory neurons Filament (9) 

(LTMRs) and the PIEZO2-dependent behav- . Hoxbs E Piez02-Cre :: Snap26-ESL-GFP 
ioral sensitivity of mice to perineal touch. C Piezo2 21.44 ~ ‘anti-GFP immunostaining 
100 ~ 144 °F 100 
Perineal sensory neurons exhibit high = 3 cl oO 
sensitivity to punctate stimulation cz” 5g 044 2” 
We developed a sacral ganglia imaging prep- - 50 2 sol = 50 
aration to compare neural responses to a range 3 & 0.044 § 
. 5 : 7 5 25 F 0.024 @ 25 
of gentle and intense mechanical stimuli (28) a 0.008 ig 


applied to the hind-paw and perineum (fig. $3 
and movie $2). Neurons innervating paw gla- 
brous skin divided into LTMRs and high- 
threshold mechanosensory neurons (HTMRs) 
on the basis of their response selectivity (Fig. 
2A; fig. S3; and supplementary materials, mate- 
rials and methods). HTMRs that innervate the 
paw outnumbered LTMRs by a factor of 2. In 
particular, LTMRs exhibited graded von Frey 
sensitivity (Fig. 2A and fig. S3D) and could be 
activated by forces as low as 0.008 g, whereas 
HTMRs were essentially silent at forces below 
0.4 g, matching behavioral withdrawal thresh- 
old and implicating HTMRs in this response. 
By contrast, perineal sensation was dominated 
by LTMRs, with ~60% of mechanosensory neu- 
rons responding to gentle stimuli (Fig. 2B and 
figs. S3 and $4) and broad similarity between 
male and female mice (fig. $4). Almost all per- 
ineal mechanosensors could be activated by 
von Frey stimulation (Fig. 2B, figs. $3, S4), and 
their calcium (GCaMP) signals were markedly 
stronger than for paw-innervating neurons 
(fig. S3D). Few HTMRs responded to the fine 
filaments that reliably evoked behavioral re- 
sponses (Fig. 1B and movie S1). Therefore, both 
male and female mice are attuned to perineal 
LTMR input, and the stereotyped reaction to 
genital touch is not a sign of pain. 


A broad role for PIEZO2 in perineal sensation 


To measure the contribution of PIEZO2 to 
perigenital touch and to dissect the mecha- 
nism underlying the extreme sensitivity to 
von Frey stimulation, we next used the sacral 
imaging platform to selectively image cells 
that lack this stretch-gated ion channel (fig. S4D). 
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Fig. 1. Behavioral sensitivity of mice to perineal touch and underlying anatomy. (A to C) Reaction of 
mice to punctate touch (A) wild-type hind-paw, (B) wild-type perineum, and (C) Piezo24#® perineum. (Left) 


Example responses for individual mice (points and thin lines; four males and four females) and mean 
(solid lines) to a series of calibrated von Frey filaments (grams, each tested 10 times per mouse). ( 
Quantitation of von Frey threshold (25/10; n = 12 males and 12 females). Thresho! 


iddle) 
ds are different between all 


three groups [one-way analysis of variance (ANOVA) on ranks P < 0.001]. Wild-type females exhibited a lower 
perineal touch threshold than that of males (Mann-Whitney t test; P < 0.0001); there were no significant 


differences in other responses (supplementary materials, statistical reporting). (D and E) Triple-color 


retrograde CTB tracing from the perineum (cyan), prepuce (yellow), and glans (magenta) showing (D) cell 
bodies of lumbar-sacral sensory neurons in the DRG and (E) termini in the dorsal spinal cord. The dotted 
line indicates approximate extent of dorsal horn. In (E) and (F), n = 4 mice. Scale bars, 100 um. (F) Anatomy 
of sensory ending of Piezo2-expressing sensory neurons in the perineum. (Inset) A magnified view of a 
single hair (boxed) highlighting prominent lanceolate and circumferential endings (n = 2 males and 1 female). 


Scale bar, 50 um. 


As expected, deletion of Piezo2 (Piezo2™°) dra- 
matically affected the mechanosensitivity of 
genital-innervating neurons. The great major- 
ity of responses to air puff, vibration, and brush 
were eliminated. Thus, mechanosensory neu- 
rons were only stimulated by pinch and were 
almost exclusively HTMRs (fig. S4E). The overall 
number of HTMRs was similar between wild- 
type and Piezo2“° mice (fig. S4F), which is 
consistent with earlier studies (17, 20, 21). 
Piezo2°*° mice responses to von Frey stim- 
ulation were substantially reduced and reca- 
pitulated those of control perineal HTMRs 
(Fig. 2, C to E). These results likely explain the 
absence of behavioral reactions to von Frey 
stimulation in Piezo2">* mice (Fig. 1C), sup- 
port the hypothesis that perineal LTMRs drive 
this characteristic withdrawal in wild-type mice 
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(movie S1), and are consistent with human re- 
ports and sensory testing (table S1). 


A subset of touch neurons is required for 
mechanically induced erection responses 


Perineal investigation and touch precedes 
mating in many species, including mice (29). 
These behaviors are linked to motivational 
drive in both partners and trigger physiological 
reflexes. For example, gentle retraction of the 
prepuce induces penile cupping (erection) and 
flipping (ejaculation) in spinalized rodents (30). 
We reasoned that mechanosensory input drives 
the erection reflex and developed an assay to 
monitor this in restrained awake mice. A soft, 
transparent tube was used to gently retract 
the prepuce, allowing the physiological erec- 
tion reflex (extension of the penis into the tube) 
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Fig. 2. Functional characterization of perineal mechanoreceptors and role of PIEZO2. (A to C) Heatmaps 
representing calcium (GCaMP6f) responses to (left) repetitive application of naturalistic stimuli and 

(right) graded von Frey stimulation. LTMRs and HTMRs are separated, and relative fluorescence changes 
(AF/F) are colored as indicated. Scale bar, 10 s. (A) Wild-type hind-paw, n = 4 mice. (B) Wild-type perineum, 
n=4mice. (C) Piezo2“° perineum, n = 6 mice. Additional analysis is provided in figs. S3 and $4. (D) Spatial 


activity maps of control and Piezo2°° 


neurons to von Frey filaments. Scale indicates response intensity. 


Scale bar, 100 ym. (E) Quantitation of von Frey responsive neurons in control mice (gray), Piezo2*° mice 


(red), and response profile of control HTMRs (black) (mean + SEM, n = 8 control mice, n = 6 Piezo: 


Jacko 


mice). Piezo2““° mice had fewer von Frey responsive neurons at all filament strengths (Mann Whitney U test: 


P < 0.0087). 


to be scored. Wild-type controls responded in 
almost every single trial (Fig. 3A); isoflurane 
anesthesia completely eliminated responses, 
and local numbing of the perineum with lido- 
caine greatly dampened the reflex (fig. S5). 
As we anticipated, Piezo2"°">® mice only very 
rarely exhibited penile extension in response 
to prepuce retraction (Fig. 3A). 

Piezo2"°* mice exhibit broad loss of touch 
but also have proprioceptive (and potentially 
other mechanosensory) deficits (17, 28). There- 
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fore, we examined mice with more selective 
Piezo2 deletions. Piezo2’”"” mice (in which 
Piezo2 is inactivated by using parvalbumin- 
driven Cre) lack proprioceptive input but still 
respond to gentle touch (20). These mice had 
perfectly normal responses to prepuce retrac- 
tion (Fig. 3A) despite severe ataxia. We also 
generated Piezo2 deletions using an Scni0a- 
Cre line, which is commonly used to target a 
broad range of nociceptors, including HTMRs 
(31). Perineal HTMR responses are PIEZO2 
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independent (Fig. 2 and fig. S4); therefore, 
these mice (Piezo25""™) were predicted to have 
normal proprioception, touch, and consequently 
erection reflexes. Piezo2°“"™ mice walked with 
normal gait, and recombination of ScnIOa-Cre 
in sacral ganglia neurons was faithful (Fig. 3, B 
and C, and fig. S6A), with only a few large- 
diameter ScnJ0a-negative LTMRs labeled (fig. 
S6A). Nonetheless, Piezo2°“™* mice displayed 
severe deficits in their erection reflex, closely 
recapitulating the phenotype of Piezo2!*® 
animals (Fig. 3A) and the effects of lidocaine 
(fig. S5A). Single-cell sequencing data from 
lumbar DRG (32) and trigeminal neurons (33) 
validate ScnJ0a as a robust marker for noci- 
ceptors but reveal expression in c-fiber LTMRs 
(cLTMRs). We used in situ hybridization (ISH) 
to confirm coexpression of ScnJ0a, the cCLTMR 
marker Tyrosine hydroxylase (Th) (24), and 
Piezo2 in sacral ganglia (Fig. 3C), with only 
very limited recombination in other potential 
LTMBRs (fig. S6A). Because cLTMR responses 
to gentle mechanical stimulation depend on 
Piezo2 expression (34), these data strongly sug- 
gest a causal role for perineal cLTMR input in 
triggering the erection reflex. Consistent with 
this hypothesis, td Tomato-positive lanceolate 
endings (typical of cLTMRs) surround perineal 
hair follicles in SenJOa-Cre, Ai9 mice (Fig. 3D). 
Moreover, functional imaging of perineal touch 
responses in Scn10a-Cre, Ai95 mice revealed 
that neurons responding to gentle mechanical 
stimuli (fig. S6, B and C) had uniform small 
diameters, as would be expected for cLTMRs 
(24, 34). 


Severely impaired sexual function in mice 
lacking PIEZO2 


Loss of a touch-induced erection response in 
Piezo2"* males should impair mating. In- 
deed, 10 pairs of mating-age Piezo2"™* males 
and females housed together for 6 months 
never produced pups, whereas wild-type (C57BI/6) 
controls delivered 61 litters in this time (range, 
five to seven litters per pair). To assess copula- 
tory success more directly, we also examined 
the frequency of vaginal plug formation after 
introducing virgin females in estrus to single 
housed males; to eliminate bias from prior ex- 
perience, all mice were naive. For C57B1/6 mice, 
7from 10 homozygous pairings had plugs after 
4 hours (Fig. 3E). By contrast, plugs were never 
seen for Piezo2™°*>® male mice when paired 
either with Piezo2™”® or wild-type females (Fig. 
3E). As predicted from their normal erection re- 
flexes, Piezo2?™ ab males successfully mated with 
C57B1/6 females despite severe ataxia (Fig. 3E). 
However, Piezo2%™ males failed to plug re- 
ceptive C57B1/6 females, substantiating the 
importance of PIEZO2-dependent mechano- 
sensory input for male mating behavior (Fig. 
3E). Although loss of erection reflexes may 
explain why Piezo2"°">® mice fail to breed, 
mechanosensation probably has additional 
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roles in mating. For example, female mice have 
similar PIEZO2-dependent perineal mechano- 
sensitivity to males (fig. S4) and are even more 
sensitive to perigenital touch (Fig. 1); Piezo2"® 
females exhibited strong mating deficits when 
paired with wild-type males: 9 from 10 remained 
unplugged after 4 hours (Fig. 3E). 

Ethogram analysis of female intruder assays 
(Fig. 3F) assess motivation by quantifying 
stereotyped male behaviors, including partner- 
grooming, anogenital chemosensory investi- 
gation, and mounting attempts (35, 36). We 
analyzed behavior for 1 hour after introduction 
of receptive females (supplementary materials, 
materials and methods). Control animals ex- 
hibited considerable variation in mating be- 
havior (Fig. 3F) but in every case (n = 10 pairs 
of mice) engaged in chemosensory investiga- 
tion and mounting attempts shortly after in- 
troduction of the female. Similarly, pairs of 
Piezo2"*"§ males and females (n = 10 pairs) 
(Fig. 3F) as well as male or female Piezo2"*>® 
mice paired with C57B1/6 partners (n = 10 pairs 
in each case) (fig. S5B) exhibited strong sexually 
motivated behavior, not very different from 
controls. However, Piezo2"°** males never 
achieved intromission, which was regularly 
observed in wild-type controls. Similarly, 
Piezo2*™"™ males paired with receptive C57B1/6 
females showed normal sexual motivation 
(n = 10 males and 10 females) (fig. S5B) but 
without copulatory success (Fig. 3E). Moreover, 
Piezo2"™* females paired with C57BI/6 males 
also engaged in premating behavior, including 
male mounting attempts (fig. S5B), but Piezo2#* 
females adopted a sit-rejection posture, pre- 
venting intromission (37). These data show 
that mechanosensation plays a substantial 
role in productive mating and exposes dimor- 
phic need for PIEZO2 and gentle touch in 
sexual function. 


Impact of PIEZO2 in human sexual experience 


The genital sensation of a man with complete 
loss of PIEZO2 function and comprehensive 
touch- and proprioception-related studies of 
individuals with PIEZO2-deficiency syndrome 
(11, 21) demonstrate strongly conserved roles 
for PIEZO2 in mammalian mechanosensation. 
For humans, sexual experience is not simply 
related to reproduction but is central to large 
parts of many people’s social lives and behav- 
ior. Information from human clinical evalua- 
tions (n = 5; three men and two women) (table 
S1) provided several consistent themes about 
the role of gentle touch in sex. First, these in- 
dividuals with biallelic loss of function (table 
S1A) had diagnostic clinical presentation, with 
loss of proprioception, absent vibration sensing, 
highly elevated touch threshold, and scoliosis 
but no cognitive difficulties, and all underwent 
puberty without clinically relevant problems. 
Second, all five people with PIEZO2 deficiency 
reported being sexually active and able to be 


Lam et al., Science 381, 906-910 (2023) 


A 100. 


% Protrusions 


_ Sent0a-Gre: Aig, 
Garr = 6. Pa ~ 


b us os 
a Soe ws i i taal 
Pe Ws. ee eo 
3 
g 
v o +9 (estrus) g2 
o4 


Thro Thr 


Social interaction Anogenital iA 


% P Lo) Levek 9? 
oer oo 2 ee Ste 
Y? a 


Piezo2-KO x 


E Homozygous 


mating wildtype 


o'r 2 (estrus) 


4hrs 


Plug check . 50 | 
Js 0 i | 
. ae 


% Plugs 


~n) a 
{-~]\ & rs “e oe e 
ge x s £ 3° 
CF WS & Sv 
Ca Rear se 
& x of of 
| OUL 
1 | we 
IMT 1 MIM 
imi IO MOON EN {IM 
| 1 {iain Ua 
10 20 30 40 50 60 


Time (mins) 


Fig. 3. A role for PIEZO2-dependent perineal mechanosensation in mating. (A) Physiological responses 
of male mice to perineal stimulation with transparent soft tubing. Penile protrusion was scored for two sets of «+ 


10 trials. Bars indicate mean + SEM, and points indicate individual responses. Control versus Piezo: 


QHoxb8 


mice and Piezo2"’*"” versus Piezo2°° mice were different (Mann-Whitney U test; P < 0.0001; n = 18 
control mice; n = 10 Piezo2-deleted mice). (B) Representative whole-mount ISH of sacral ganglion showing 
faithful recombination [tdTomato (TdT); magenta] of Scnl0a-Cre mouse in Scn10a (green) neurons; >90% 
(670 of 738) TdT cells expressed Scnl0a (n = 3 ganglia). Scale bar, 50 um. (€) Example ISH of sacral 
ganglion section probed for Th (magenta), Scn10a (green), and Piezo? (cyan), illustrating expression of 
Scen10a and Piezo2 in cLTMRs identified with Th (n = 6 ganglia). Scale bar, 50 um. (D) Anatomy of sensory 
ending of Scn10a-expressing sensory neurons in the perineum (maximum projection, full-stack). (Right) 
Magnified and focal views of single hairs (boxed at left), highlighting lanceolate endings of Scn10a-Cre- 
labeled neurons (n = 2 male mice). (E) Successful mating scored by vaginal plugs (n = 10 mice). Differences , 
are significant for C57BI/6 versus Piezo2"™® mice (P = 0.0031) and Piezo2"’2!” versus Piezo25°™ mice 


(P = 0.0325) (Fisher's exact test, two-tailed). (Right) Mating success for female and male Piezo 
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mice with C57BI/6 partners. (F) Representative ethogram plots showing sexual motivation of three isogenic 
pairings of C57BI/6 and 3 Piezo2"™°S mice: social interaction (gray), anogenital investigation (pale blue), 


and mounting attempts (red). 


aroused by physical genital stimulation, erotic 
thoughts, or videos, reflecting motivation seen 
in Piezo2#°* mice (Fig. 3F). Third, individuals 
with PIEZO2 deficiency reported delayed, at- 
tenuated, or absent physiological responses to 
gentle genital stimulation. This included clinical 
diagnosis of hypo-orgasmia for the male and 
anorgasmia for the female participants, which 
again is consistent with the animal model. How- 
ever, the five people had strategies to compen- 
sate for deficits in genital sensation (table S1B). 


Discussion 


Erogenous touch conveys different meanings 
according to circumstance; however, many key 
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details remain unknown. We explored how de- 
ficits in PIEZO2-dependent mechanosensation 
interfere with perigenital sensation, physiolog- 
ical response, copulation, and reproduction. Our 
results demonstrate that PIEZO2-dependent 
touch is required for all of these in mice. 
Anatomical studies have identified specialized 
corpuscles composed of myelinated afferents 
likely involved in genital sensation (38, 39). Our 
data strongly implicate an additional type of 
touch neuron, the perineal cLTMRs, as crucial 
drivers of sexual function. Previous studies in 
mice and humans suggest specialized roles for 
cLTMRs in conveying affective and pleasur- 


able touch (40, 41). Thus, it is of note that five 
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individuals without PIEZO2 function described 
sexual activity as satisfying and rewarding 
despite marked mechanosensory deficits and 
clinical evaluations of hypo-orgasmia (men) 
and anorgasmia (women). We have previously 
shown that for humans, other types of sensory 
input can compensate for deficits caused by 
loss of PIEZO2 function (77). For example, 
these individuals use vision to overcome pro- 
prioceptive deficits and mechanonociception 
or thermosensation to mitigate deficits in touch 
(11). This is also true for human sexual touch 
(table S1). Nonetheless, the crucial role of 
PIEZO2 for perineal touch in mice and hu- 
mans may have therapeutic potential: Topical 
PIEZO2 inhibitors could provide targeted re- 
lief of genital hypersensitivity and pain, whereas 
agonists of PIEZO2 are candidates for alleviat- 
ing genital hyposensitivity. 

There are a number of limitations to this work. 
For example, PIEZO2 deficiency is extremely 
rare, and we were unable to carry out detailed 
quantitative sensory testing in a larger group 
of human subjects. Additionally, functional 
imaging experiments were carried out in anes- 
thetized mice, precluding evaluation of re- 
sponses during mating. Moreover, although 
we showed the necessity of gentle touch input 
for mating, we have not yet demonstrated the 
sufficiency of this sensory pathway for sexual 
function in awake behaving animals. We also 
anticipate that there are likely to be additional 
specialized roles for mechanosensory neurons 
in mating that were not revealed in this study. 

Even the very gentlest of perineal touches 
elicits a highly stereotyped startle reaction from 
mice that is easy to anthropomorphize (movie 
S1). This PIEZO2-dependent response is quite 
different from touch to other parts of the body, 
which typically evokes more modest reactions 
and does so only at much greater forces. PIEZO2- 
dependent perineal touch is also a crucial driver 
of successful mating both for male and female 
mice. Future studies should help define addi- 
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tional subtypes of sensory neurons needed for 
sexually dimorphic reactions and how peri- 
genital sensation is organized in the spinal cord 
and brain to prioritize salience. Ultimately, how- 
ever, the profound impact of PIEZO2 deficiency 
that we describe provides a sensory basis at the 
molecular and cellular level for an aspect of life 
that throughout history has engaged in human 
imagination (42) and thought (J). 
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WORKING LIFE 


By Zheng Li 
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Small does not mean less 


uring my graduate studies, countless seminars taught me one thing: To make it in science, one 
must design and carry out big projects, with the aim of addressing fundamental questions and 
making major breakthroughs. As I prepared to establish my own research lab, advice from a 
senior colleague reinforced this notion: “Try everything you can to do a big project! Once you 
have a high-impact publication, everything in the future will be much smoother, and then your 
career is settled.” So, when I landed an associate professor position, my goal seemed obvious: I 
should devise and execute big projects. I thought this was the only way to lay a foundation for a suc- 
cessful academic research career. The path, however, would not be as clear as I had envisioned. 


When I contacted prominent re- 
searchers to suggest collaborating, 
as is typically required for high- 
profile projects, I was often turned 
down. They frequently replied 
enthusiastically to start, agreeing 
my proposed project sounded in- 
teresting and promising. But when 
they learned I had just established 
my lab, they became skeptical and 
hesitant, ultimately saying no. And 
when I sought grant funding, my 
lack of experience and _ reputa- 
tion was cited as a reason to deny 
support for my ambitious propos- 
als. I also had to admit that the 
prospect of administering a big 
project felt a bit daunting, given 
the responsibilities of establish- 
ing the infrastructure for my new 
lab and training my eager yet in- 
experienced students. 

Those students also struggled with my single-minded 
ambition to execute a big project. They told me that, given 
how much [I had invested in it financially, intellectually, and 
professionally, the pressure was too much and they worried 
they would not be able to accomplish what was needed. 

I spent about 2 years stuck in this mindset, excited about 
my big ideas but making little actual progress, leading to 
frustration and depression. I knew I couldn’t go on this way. 
As I neared my breaking point, I began to ask myself: Were 
big projects really the only route? Are small projects really 
such a terrible thing? 

When I raised the topic with senior colleagues, they con- 
tinued to assure me that big was the way to go. Nonetheless, 
my adventurous spirit finally won out, and I began to con- 
ceive a number of exploratory investigations. The scientific 
questions they pursued were not necessarily significant, but 
I enjoyed following my curiosity. 

This pivot freed my creativity. I went back to square one, 


“| began to ask myself: Were big 
projects really the only route?” 


designing projects from scratch 
rather than just mimicking ideas 
from high-impact papers. When I 
shook off the feeling that I must 
publish exclusively in high-profile 
journals, I became brave enough to 
step into fields I was not familiar 
with. By reading papers in new ar- 
eas and even borrowing textbooks 
from the library, I found novel 
connections and interdisciplinary 
ideas to pursue. When I discussed 
these adventurous, low-cost (both 
financially and __ intellectually) 
projects with colleagues, mostly 
early-career researchers, they 
were keen to collaborate. We se- 
cured funding, and my students 
were energized. When I published 
papers out of these projects, they 
were not exciting enough to make 
headlines—but for me, it was a 
moment of joy and self-contentment. 

It has now been 3 years since I embraced this “small” ap- 
proach. Sometimes senior colleagues question my research 
program, worrying I lack focus and ambition as I explore 
many ideas heading in different directions. Some say ’m 
wasting my time with projects that aren’t important enough. 
But I disagree. When I do these studies, I also find clues for 
future big projects—just in time for the infrastructure in and 
around my lab to be ready for such work. And I’m excited to 
pursue these more profound questions. But I also know that 
they are not the be-all, end-all of scientific research, and that 
there is much to be said for small projects and the freedom 
and creativity they can foster. Going forward, I will still com- 
mit a considerable part of my time to exploring small proj- 
ects. Small, I’ve learned, does not mean less. 


Zheng Liis an associate professor at Yunnan University. Send your 
career story to SciCareerEditor@aaas.org. 
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